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EFFECTIVENESS EVALUATION OF STOL TRANSPORT
OPERATIONS (PHASE 1I)

By David W. Welp, Renald A. Browm,
David G. Ullman, and Mark B. Kuhmer
BATTELLE
Columbus Laboratories

INTRODUCTION

This report contains a description of four tasks accomplished under
Amendment Number 3 of Contract NAS2-6889. This contract deals with Effec—
tiveness Evaluation of STOL (Short Take-off and Landing) Operations. The
first phase of the contract is described in Reference 1. The primary
product of contract NAS2-6889 is a computer simulation program which models
a commerical short-haul aircraft operating in the civil air system. The
purpose of the program is to evaluate the effect of a given aircraft avionies
capability on the ability of the aircraft to perform on—time carrier opera-
tions (see Figure 1). The program outputs consist primarily of those quantities
which can be used to determine direct operating costs. These inlcude schedule
reliability or delays, repairs/replacements, fuel consumption, cancellations,
etc. Development of the simulation program continued during the second phase
of the contract. More comprehensive models of the terminal area environment
were added and a simulation of an existing airline operation was conducted to
obtain a form of model verification. The capability of the program to pro-
vide comaprative results (sensitivity analysis) was then demonstrated by mod-
ifying the aircraft avionics capability for additional computer simulations.

Several additional tasks which fall under the contract objectives but
which are not directly related to the computer simulatien development were
also accomplished during the second phase of the contract. The complete
set of tasks for the second phase covered by Amendment Number 3 ig listed
below,

(1) Verify, expand, and exercise the effectiveness evaluation
program. Verification was to be accomplished by simulating
an existing air carrier short-haul operation. (Task 10)

(2) Examine the MLS (microwave landing system) coverage require-
ments for STOL operations. (Task 8)

(3) Determine the need for and application of INS (inertial
navigation system) in future commercial STOL cperations.
In particular the applicability of SIRU (strapdown
inertial reference unit), a redundantly configured strap-
down system, was to be examined., (Task 9)
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(4) Examine the STOL operating experiments and their potential
for providing airlines and aircraft manufacturers with data
and technology needed to minimize direct operating costs
and cost of ownership. {Task 11)

Each of these tasks is described separately in the same order listed abovej
first, in the Summary and Conclusions and then in the main body of the report.

SUMMARY AND CONCLUSIONS
Effectiveness Evaluation Program Simulation

Several improvements were made to the effectiveness evaluation program,
These included:

(1) A terminal area ceiling and vigibility model which
distinguishes between Category I, II, and III approach
conditions

(2) Addition of a wore comprehensive approach and take—off
queuing model

(3) A repair strategy more representative of airline operations.

A simulation of Air California's flight operations was conducted to obtain
a data baseline and to provide a form of validation of the simulation program
Air California performance data were available in the form of gate departure
delays and concellations. The amount of delay was separated into three time
groups: 1-5 minutes; 5-15 minutes; and greater than 15 minutes. Cate departure
delays were further separated by Air California into the following categories:
maintenance, weather, equipment, passengers, fueling, ATC, late arrivals, and
other.

In addition to the summary performance data described above, Air California
provided equipment removal statistics on individual avionics items, data on the
operating characteristics of their Boeing 737's, and general information about
daily operating procedures.

The simulation results compared quite well with the Air California data.
The only area of significant difference was in weather data. The weather model
in the simulation, which utilized National Weather Service data, produced sig-
nificantly more delays and cancellations than apparently experienced by Air
California. The reasons for this difference are difficult to resolve because
the Air California data represent a rather small statistical sample (2 years),
In addition, their criteria for cancellations are not as straightforward as that

3



used in the simulation (a flight was cancelled in the simulation if any de-
parture delay exceeded 2 hours). Time and funds did not permit a search for
and analysis of additional weather data from other airlines and .government
agenciles.

The ability of the simulation program to provide comparative or sensi-
tivity data was demonstrated through additional simulations in which

{1} The avionics complement aboard the Air California 737's
was augmented to provide a Category II and III approach/
land weather capability.

(2) Differing repair strategies were used.
(3) The flight schedule was varied.

The results showed the impact of these changes, primarily on schedule reliability
and maintenance requirements. The addition of a Category IIL avionics capa-
bility reduced delays and cancellations, but at the expense of significantly
more hardware failures. It was also shown with Category III equipment that the
schedule reliability is sensitive to repair strategy. Performance can be sig-
nificantly improved if equipment required for low visibility approach and take-
off is not repaired during the daily flight operations unless weather forecasts
dictate the potential need for the capability.

The computer simulation tool has reached a stage of development which
will allow its use for assessment of the impact of avionics capability on
airline performance. Each application will very likely require some probram
modification or modeling improvement in the specific avionics area which the
- user is interested in evaluating., However, it has been demonstrated that the
model provides a reasonable representation of an actual airline operation and is
an excellent vehicle for analysis of the sensitivity of performance to avionics
parameters,

MLS Coverage Requirements for STOL Operations

The greatest demand on azimuth MLS coverage for STOL operations will likely
occur at high density airports equipped with parallel independent runways. The
presence of parallel runways effectively eliminates half the available airspace
from normal maneuvers for any given runway, At the same time, maximizing
capacity at the high density airports will be a major concern. In the future
(1985 - 1990 time period) this will imply precise time of arrival control and a
minimum time on the common path for the slower speed aircraft. The coverage
required under these circumstances depends on:

(1) The amount of time adjustment which must be accommodated
within the MLS coverage

(2) The position uncertainty at the entrance to MLS coverage



(3) The common path length

{(4) The aircraft wmaneuver constraints near the common path
gate.

An analysis of each of the above factors was accomplished to determine
the impact of each on MLS coverage requirements. Based on this analysis, the
following conclusions were drawn regarding the three discrete azimuth coverages
proposed by the RTCA Subcommittee 117. (The three coverages which they con-
sidered were +20 degrees, 140 degrees, and $60 degrees.)

(1) A coverage of # 60 degrees does not appear to offer a
significant advantage over $40 degrees coverage.

(2) A coverage increase from 120 to +40 degrees can sig-
nificantly degrease the required STOL common path

length if a large (460 seconds) time adjustment capa-
bility is required.

(3} A large time adjustment capability within MLS coverage
requires excessive common path lengths for any of the
coverages, Thus, there is advantage in attempting to
to minimize this required capability with some form of
control outside the MLS coverage.

(4) A coverage of 120 degrees is adequate if the disadvantage
of longer common paths can be compensated with altitude
separation on the final path.

(5) A coverage of 120 degrees is adequate if a time of arrival
control authority on the order of *15 seconds is adequate.,
A *15 second requirement is representative if time of arrival

is controlled prior to reaching MLS coverage utilizing VOR/DME's
as navigaction aids.

Application of INS to STOL

An industry survey of the present and forecasted INS developments
and the need for INS aboard STOL or other short=-haul ajircraft was
conducted. The results of that survey are as follows,

Gimballed inertial navigation systems presently in service have
the following characteristics,



Replacement Cost $85K ~ $110K

Performance Better than one mile per hour
Reliability 1000 - 1500 hours MTEF
Maintenance Cost $2,50 = $3,00 per system hour. This

represents approximately $12,000 per year
for each installed INS,

The cost of gimballed systems will not improve significantly.
It is highly unlikely that any new gimballed systems could sell for less
than $75,000. This conclusion is generally accepted by all of the INS
manufacturers consulted, even those heavily committed to gimballed systems.

The airlines feel that INS is very expensive both for initial buy
and recurring costs. Maintenance is difficult because of the system
complexity and spares are expemsive. Airlines will not purchase INS for
short-haul unless its cost and maintenance requirements are competitive
with the equipment being replaced,

STOL aircraft may require Schuler~tuned attitude information rather
than a continuous gravity erection system to satisfy verticality require-
ments in the terminal area. The potential for more maneuvering and shorter
periods of level flight prior to landing for a STOL aircraft may prohibit the
the use of the conventional vertical gyro because of the large errors that
it can develop under maneuvering conditioms.

INS offers significant benefits in terms of performance, flexibility,
and safety, Safety is enhanced primarily in the terminal area not only as
described above for Category III operations, but for any IFR conditions,
particularly at ill equipped airports. Flexibility is derived from the
fact that INS represents a completely self-contained navigator which can
function accurately, independent of any external navigation aids. The 1IN3
also offers flight control management through its computer and smooth,
accurate, coupled flight control performance freeing the flight crew for
other critical flight duties, The safety features are particularly
important because a significant proportion of flight accidents occur in the
terminal area when aircraft wander from the prescribed flight path, STOL
aircraft operating from both the small, ill equipped airports and the
high density hubs should find the flexibility offered by INS particularly
attractive,

Strapdown systems offer a significant reduction in price and reliability.
However, a conventionally configured strapdown system will still suffer
many of the drawbacks of gimballed systems, The line replaceable umit will
still be a complete inertial package (3 axes of gyros and accelerometers).



Fail-operational capability will still require three complete systems,
thereby reducing the reliability of the fail-operational condition by a
factor of three over the reliability of a single system. A single aystem
will still likely be at least a factor of two more expensive than a non-
redundant set of instruments that could be replaced. Several INS manufac-
turers are currently developing strapdown systems. All of these reflect
conventional configurations with a price goal of $35K~-$50K,

An integrated redundant strapdown system such as that being developed
by The Charles Stark Draper Laboratory for NASA/Ames can be a real break-
through for commercial INS making them cost effective for short-haul airline
use, The primary features of such a system which could make it particularly
attractive are:

(1) A high level of redundancy with a reduced level of duplicationm,
(2) reliable fault isolation reducing the probability of unverified
removals (approximately 40 percent of present removals are

unverified),
(3) on-line correction for stable bias shifts normally requiring a
system removal, and

(4) 1line replaceable components (gyros and accelerometers) rather
than complete systems.

Items 2, 3, and 4 are generally very difficult or impossible to achieve with
conventional non-redundant systems because of the inability to reliably
detect and isolate component failures.

Examination of STOL Operating Experiments

The purpose of this task was to examine the STOL Operating Experiments
from the airline viewpoint to determine the ability of those experiments to
impact cost of ownership, function reliability, and return on investment.
The following conclusions were reached after analysis of the experiment plan
and the results from the effectiveness evaluation program simulation.

(1) The experiment plan is responsive to the stated objectives.

(2) The experiments influence airline cost to the extent that
they optimize in~flight performance with minimum complexity.

(3) Implementing the resultant technology will almost certainly
require more avionics complexity than exists on present
short-haul aircraft, Short-haul aircraft such as 737's or
DC-9's presently carry a very austere set of avionics,



(4) This increased complexity will adversely affect direct
operating costs because of less overall equipment
reliability causing greater maintainability costs.

The computer simulation results vividly showed the large increase
in maintenance requirements due to increased complexity. The increased
complexity can be cost effective, however, if there are concurrent
developments to achieve:

(1) Longer "“effective" equipment MTBF

{(2) Elimination of unverified removals

(3) Shorter mean maintenance delays

(4) Reduced spares costs.

There does not appear to be any development actdivity, either within the

Equipment Plan or in other STOL avionics programs, aimed at achieving these
objectlves.



EFFECTIVENESS EVALUATION SIMULATION PROGRAM

The STOL effectiveness computer simulation program was developed
to be a tool for assessing the impact of various avionics coufigurations
on commercial airline operatioms. The program simulates an aircraft
operating over a defined commercial route network and evaluates the
overall effect of the various elements which influence a typical air-~
line operation. The first phase of the program development was
accomplished during the contract period from May, 1972, to February,
1973, and is reported in Reference 1, Improvements and modifications
accomplished during Phase IT are described in this report,

The program measures of performance are those parameters which can
be related (through simple algebraic functions) to direct operating
cost, These include (but are not limited to) delays, dispatch reliability,
cancelled flights, diversions to alternate airports, and fuel consumption,

The program utilizes the Monte Carlo method for the statistical
analysis, The following basic steps are involved in the simulation,

(1) The route network must be defined in terms of the flight
path, time schedule, and airport layout.

(2) That network is "flown" (equations of motion are integrated)
once within the program to determine nominal flight and taxi
times,

(3) The probability distributions for uncertain flight events
must be described. These include distributions for wind,
ceiling and visibility, queuing, equipment failure, and
other statistical events which have a significant impact
on a flight schedule. A major portion of the program
development has been devoted to acquiring these distributions
and determining appropriate logic to describe what procedure
is used when events occur,

(4) With the above information the Monte Carlo evaluation can
be accomplished. A one-day flight schedule is simulated by
sequentially drawing random numbers from the flight event
distributions and taking the action dictated by the gutcome
of each event, The result for one day is a history of events
and delays for the individual flight legs. Numerous days
are simulated to determine probability distributions of
the events and delays,



Some of the more important factors which affect the simulation in
its present status are as follows.

(1) Equipment Failures, Failures can degrade performance,
1imit the ability to cope with adverse weather, and
cause delays while repair or replacement takes place
between £flight legs.

(2) Maintenance Time, The statistical distributions for time
to repair or replace determine the length of delays due
to equipment failure.

(3) Repair Strategy. Certain equipment need not be repaired
" at the first stop after a failure occurs, The, impact of
these failures can be minimized by deciding to repair or
replace based on weather conditions and forecasts, gate
time at the next stop, time before reaching a lengthy stop
or major repair facility, etc.

(4) Weather. Several weather characteristics affect the
simulation. The ceiling and vigibility conditions in the
airport vicinity affect the ability to land and the
length of waiting queues, Local winds determine the
active runway and en route winds affect time of flight and
fuel consumption.

(5) Fueling. The method of fueling can have an impact omn the
schedule, The aircraft can fuel at every stop or can load
more fuel once every two to four stops. In addition
uncertainties such as adverse weather ahead or airborne
holding can cause unscheduled fueling.

(6) Paszenger and carge loading delays,
{(7) Landing and take~off queues,

(8) Nominal aircraft performance. This refers to the aircraft
acceleration, climb and descent rates, speed rgnge, fuel
flow, etc.

{9) Schedule and flight paths,

Figures 2 to 8 are flow diagrams of the most significant steps in
the program,
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10 MIKUCES PRIOR T8 PEPARYURE, WHICNEVER 15 LLSS,

NOW MUCH TIME
NEEDED 10 1.0AD
FASSENGERS *?

¥ TOTAL TIMIE TAKESN IN PREFLICHT
15 GREATER THAN MAXIMIM FLIGHT
DELAY TIME TUEN CANCEL FLIGHT.

' TAXI QU /TAKEOLF }

FIGURE 2.

PREFLIGHT PROCEDURE

* Variables returned to the main program,

RETU'RN’.'* WEATHER CONDTTLONS
VARTABLES RFCORDED: NONE

EVENTS RECORDED: HONE

RETURK: REPALR TIME

VARTABLES RECORDED:
EQUIFMERT REPAIK TIME

EVENTS RECORDED:
HARDWARE TTEMN REFATREDR

RETURN: LEVEL OF CERTIFICATION
VARIABLES RECORDED: NONE

EVENTS RECORDED:
CAT. T TAKEOFF CAPABTLITY
CAY, 11 TAKECFF NAPABILIYY
CAT, 111 TAKEDFF CAPABILITY

RETDRN: FUEL LOAD TIME
FUEL WEIGHT

VARIABLES

RECORDED: FUEL LOAD TIME
INITEAL FUEL LOAD
FUEL LCADRED

EVENTS RECORDED: NOND

RETURN: BAGGAGE LOAD TIME

VARIABLES
RECCRLED: BAGGAGE LOAD TIME

EVENTS
RECORDED : WONE

RETURN: PASSENGER LOAD TIME

VARIABRLES
RECORDED: PASSENGER LOAD TIME

EVENTS
RECORDED: NOKE

RETURN: NGRE

VARIABLES RECORRED:
GROUND SRRVICE TIME
INITIAL TAKEOFF WEIGHT

EVENIS RECORDED:
CANCELLED DUE T¢ LONG REPVIR

11



GATE
DEPARTURE

TAXL
PATH

AIRPORT
TRAFFIC
LoaD

TAKEQFF
QUEUE

TAKEOFF
RUN

12

{ TAXT OUL/TAKEOFF '

WIHAT 18 TIME
OF GATE
DEPARTURE ?

T'

THE ATRTLASE KEVER LEAVES THE CATE EARLY OR UXUIL THE
WEATHER AL PRESENT AND DPESTINATION ATRPORTS TS ABOWE
THE MIXI¥0Y WEATHER CONDITIONS THAT THE ATRTLANE 13
FEQUIPTED 190 HANDLL, THE GREATFR OF THE GROUND SERVICE
AXD HOLD TIMES OR GATE DEPAKTURE TIME BEGTSS THE TAXI
01T, IF THE GROUND SERVICE AND HOLD TINE 13 GREATER,
TUEN A DETAY TIME LS RECORDLD., TF YT 13 A DELAYED DE-
PARTURE LESS TIAN 15 MINUTES THEN TT 1§ KOT COUNTED AS
A DYSFATCH DELAY,

WHICHK
RUNWAY
15 TO BE
USED?

-

TUE TAKEQFT RUNWAY 1§ SELECTED BASED ON THE ROTSE
AFATEMENT REQUIREMENTS AND CROUND WIKD STATISTICS
FPR EACH AIRPORT. AIRCRAFT NEVER USES A RUNWAY
WITH A 5 KNOT OR GREATER TAIL WIND COMPONENT.

WHAT 1§ THE
TAXI TIME
FOR EACH
TAXI ROUTE ?

THE TAXI ROUTE TO THE RIWWAY IS CALCULATED BASED ON —‘
IXPUT AIRPORT GEOMETRY, PART OF THE GEOMETRY INPUT
ARE INTERSECTIONS AND EXD PCINTS OF ALL AIRFPORT
RUNWAYS AND TAXIWAYS ALONG WITH TAXI PATHS CONNECT-
ING THESE POINTS IN CONTINGQUS ROUTES FROM THE GATE
TC THE RUFWAY ENDS. THE AIRCRAFT TAXIS FROM THE
DEPARTURE GATE TO ITS TAKEOFF RUNWAY ALONG THE INPUT
PATH AT A CONSTANT INPUT TAXI SPEED, NO CONSIDERA-
TION IS GIVEN TO OTHER GROYND TRAFFIC.

WHAT ARE
WEATHER
CONDITIONS?

DETERMINE COWDITIONS BASED ON MODEL ESTABLISHED IN
PREFLIGHT, 1F WEATHER IS BELOW MINIMUMS FOR WHICH
THE ATRCRAFT 15 EQUIPPED THEN HOLD FOR CLEARIRG.
1¥ HOLD ABOVE MAXIMUM DELAY THEN CANCEL FLIGHT.

ve

WHAT ARE
AIRPORY
TRAFFIC
CONDITIONS 7

THE LOAG (I¥ OPERATLONS/HOUR) TS IMPYT W FIVE CLASST-
FICATIONS; DC-8 TYPE, B-727 TYPE, LIGHT TWIN TYFE,
LIGHT SINGLE TYPE, AND STOL.

T

RUNHAY
HOLDING
TIME

AT THE END OF THE TAXI RUN THE AIRCRAFT MUST WAIT IN A
QUEUE T7 GET ON THE RUNWAY. THE TIME LOST IN THE QUEUE
DEPENIL (N THE AIRPORT SERVICE RATE (INFUT FOR

BOTH VER AND IFR) AND THE INPUT TRAFFIC LOAD. THE DIF-
FERENCE IN THE TIME QF LEAVING THE QUEUE AND THAT OF
SCHEPRULED TIME FOR TAKEOFF IS THE TAKEQFF LELAY.

ROW MUCH TIME
FOR TAKEQFF

RUN 7T

THE TAKE OFF RUN IS MADE FROM ZERO SPEED TQ INPUT
TAKEQFF SPEED WITH CONSTANT INPUT AIRCRAFT TAKEOFF
ACCELERATION. RIDGIAY COMPONENT OF WIND 15 INCLUBED,

T

BASED ON THE TIME FROM GATE TO TAKEOFF AMD IGLE FUEL
USACE RATE THE FUEL USED ON GROUND 15 CALCULATED.

2

MR

* Variables veturned to the main program.

FICURE 3. TAXI/TAKE OFF PROCEDURE

RETURN? GATE DEPARTURE TIME

VARTABLES RECORDED:
GATE DEPARTURE DELAY

EVEKTS RECORDED: DISPATCH WITH-
IN 15 MIN. GATE DEPARTURE

RETURN: RUNWAY NIRMGER
VARTABLES RECORDED: NONE

EVENTS RECORDED: ALTERNATE
TAKEQOFF RIWWAY USED

RETURN: TAXI TIME
VARIABLES RECORDED: NONE
EVENTS RECORDED: WONE

RETURN: WEATHER CONDITIONS
DELAY TIME CANCEL

VARIABLES RECORDED:
WEATHER DELAYED TAKEQFF

EVENTS RECORDED:
VFR WEATHER AT TAXEOFF
CAT 1T WEATHER AT TAKEOFF
CAT II WEATHER AT TAKEQFF
CAT III WEATHER AT TAKEOFF
CANCELLED DUE TO WEATHER

RETURN: TRAFFIC LOAD
VARIABLES RECORDED: NONE
EVENTS RECORDED: NONE

RETUBEN: TIME IN QUEUE

VARIABLES RECORDED:
TAKEOFF HOLD TIME, TAKEQFEF DELAY

EVENTS RECORDED:
HOLD FOR CLEARANCE

. RETURN:

TAKEQFF RUNWAY TIME AND DISTANCE
.
V&R‘L}BLES RECORDED: NORE

EVENTS RECORDED: NONE

RETURN: FUEL USED
VARIABLES RECORDED: NOKE

EVENTS RECORDED: NONE



TAKEOFF
CLIMB

TAKEQFF
ACCELERATION

2nd STAGE
OF CLIMB

ACCELEFATION TO
CRUISE VELOCITY

CLIMB 70 CRUISE
ALTITUDE

RELIABILITY

WIND
EFFECTS

CLIMR

AIRCRAFTY,

ALTLLVDE.
PERMITTED.

THE AIRCRAFT INITIALLY CLIMBS WITH MANIMUM THRUST AT
TAKE OFF YELOCITY COXSTANY EAS (SEE FLOW CHART ON
FIAPS ARE IN TAKEOFY BOSITIDN.
FLIGHT ALOXG THE KOMINAL IS MAEXTAINED T¢ 1500
AFIIR THIS POINT TURNS FROM THE NOMINAL

STRALGHT

IS THE FLIGHT
PATH DIRECTED
TOVARD THE 1°°
WAYPOTRT !

FIRST WAYPOINT, THE TURNS ARE EXECUTED AT INFUT
MAXIMUM BANN ANGLE, THESE TURNS OCCUR  COINCIDENT
WITH THE FOLLOWING ALTITUDE AND SPEED CHANGES,

A PROFILE CONSISTING OF TURN, STRAIGHT, TURN SEGMENTS
IS FOLLOWED TO REACH THE POSITICN AND HEADING OF THE

KOTE: FOR WAYPOINT DEFINITIDN
SEE "CRUISE"

WITH MAXIMUM THRUST ACCELERATE IN LEVEL FLIGHT.
AT 150 KTS EAS THE FLAPS ARE RETRACTED. THE \
ACCELERATION CONTIRUES TO 250 KIS EAS.

l

10000 FT ALTITYDE.

WITH MAKIMUM THRUST AND 250 KTS EAS, CLIMB TD]

WITH MAXIMUM THRUST ACCELERATE IX LEVEL
FLIGHT 10 CRUISE VELOCITY

WITH MAXIMUM TARUST CLIMB TO CRUISE ALTITUDE )
HOLDING CONSTANT CRUISE MACH NUMBER

ARE ALL
SYSTEMS
WORKING ?

DOES WIND
AFFECT
CLIMB *?

‘ CRUISE }

*Yarighles teturned Lo the main program,

.FATLURES ARE DETERMINED THROUGH THE USE CF

AN EXPONENTAL FATLURE DISTRIBUTION FDR EACH
HARIMARE ITEM. RELIABILITY CHEGKED EVERY
HONTE CARLO TIME STEP WHICH IS THE MAXIMUM
OF 5 MINUTES OR .05 x TOTAL SYSTEM MEAN
TIME BETWEEN FATLURES

THE WIND IS REPRESENTED AS TWO INDEPENDENT SETS,
HORTI-SOUTH AND HAST-WEST. EACH 15 REPRESENTED BY
AN INPUT MEAN, STANDARD DEVIATION, AND TIME COR-
RELATION. THESE FACTORS ARE USED TO FORM RANDOM
WIND VELOCITIES ALONG BOTH AXES. THE WIND DE-
CREASES TO 2ZERO AS A LINEAR FUNCTION OF ALTITUDE
BETWEEN 10,000 FT AND GROUND LEVEL. THE EFFECT

OF THE WIND IS TO ALTER GROUND SPEED.

FIGURE 4, CLIMB OUT PROCEDURE

RETITRN?TIME. POSTTION, SPEED,
AND WELGHT

VARIABLES RETURNED: NONE
EVENTS RETURNED: NONE

RETURN: TURNS REQUIRED TO *EET
WAYPOINT WITH CORRECT
READING

VARIABLES
RECORDED: NOME

EVENTS
RECORDED: NONE

RETURN: TIME, POSITION, SFEED,
HEADING, AND WEIGKT

VARTABLES
RETURNED: NONE

EVENTS
RETURNED: NONWE

RETURN: NQ EFFECT
ABORT

VARTABLES RECORDED: NONE

EVENTS RECORDED:
HARDWARE FAILURE

RETURN: TIME OFF KOMINAL
DUE TO WIXD

VARTABLES
RECORDED: NONE

EVENTS
RECORDED: NONE

13



GROUND
TRACK

HEADING
CHARCE

WIKD
EFFECTS

WHAT GROUND
TRACK IS
FOLLOWED ?

—

1S HEADIKG
CHANGE
REQUIRED ?

6] [eee)

DOES THE
WIND EFFECT
CRUISE ?

=

DES CENT

|

THE ROMINAL PATH GROUND TRACK IS INPUT BY WAYPOINTS
LOCATED IN REFERENCE TQ VOR/DME STATION LOCATICNS.
ALL WAYPOINTS ARE GIVEN AS 4 DISTANCE AKD BEARING
RELATIVE TO A NAVAID STATION. FOR EACH WAYPOINT
THE SCHEDULED ALTITUDE AND SPEED ARE INEUT,

[ THE SEGMENTS ARE CONNEGTED BY CIRCULAR ARC TURNS
WHOSE RADII ARE DETERMINED BY FLIGHT SPEED AND
MAXIMUM BANK ANGLE (23Y).

SAME AS "CLIMB"

* Variablea returned to the main program,

14

FIGURE 5. CRUISE PROCEDURE

>

RETURK TIME, POSITION, SPEED,
HEADING, AND WEIGHT

VARLABLES

RECORDED: NONE

EVENTS
RECORDED: NONE



DESCENT
INITIATION

RUNWAY
SELECTION

CONTROLLED
AIRSPACE

WEATHER
GONDITIONS

RELIABILATY

LANDING
QUELE

FIRST STAGE
OF DESCEKT+

DESCENT TO
APFROACH
ALTITUDE

DECELERATE TO
APFROACH
VELOCLITY

DESCENT ALOKG
GLIDE S510F%

ILs
OPERATION

DESCENT IS HECUN AT A OCSTAMCE ON TICE NOMINAL
PATH FAR ENOUGIt AWAY FROM THE ARRIVAL ATRIURT
FOR THE DESCENT LOGTC TD ALLOW LANDIKNG ON ANY
OF THE RUSWAYS IDENTIFIED A3 AVAILABLE FOR

LANDIRG,

WHICH RLEWAY
15 v0 BE USED?

SAME AS IN TAXIOUT/TAKEOFF

THE AIRFORT,

AIRSPACE CONTROL REGINS AX TNPUT DISTANCE FROM
UPDS ENTRY INTO CONTROLLED AIHSPACE
TURNS ARE MADE AS 1N "CLIMB" TO AYPROACH EACH
POTENTLAL RUKWAY WITH THE PROPER HEADING WHILE
GONLINUING THUE DESCENT.

* NOTE: AIRSTPACE CONTROL RADIUS

18 15 HAUTTCAL MILES.

JOF 1EG,

WHAT ARE
WEATHER
CONDITIONS?

IN I'REFLIGHT.

DETERMINE CONDITIONS BASED ON MODEL ESTABLISHED
IF THE WEATHER GONDITTONS ARE

BELOW THDSE MINIMUMS FOR WHICH THE AIRCRAFT IS
EQUIPFED THEN HOLD FOR CLEARING.
MAIN1NG DROPS BELDW RESERVE LIMIT DIVERT,

I FUEL RE-

r

WHAT
SYSTENS HAVE

FALLED? LEVEL OF CERT1F1CATION.

SAME LOGIC AS IN YCLIMB" WITH REMAINING
QPERATING EQUIIMENT DETERMINING THE

How MUCH
TIME 15
REQUIRED?T

SAME QUEGING MODEL USED AS IN "TAXL OUT/TAKEQFK",
IF FUEL IS BELOW INPUT MINLMUM THEN AIRCRAFT
GIVEN BRIORITY AND QUEUE IS OVERKIDDEN.

WITH MININUM THRUST AND CONSTANT MACH NUMBER
TESCEND TO 10,000 FT ALTITUDE, THEN WITIL
MINIMIM THROST DECELERATE IV LEVEL FLICHT TO
250 KTS EAS,

WITH MINIMUM THRUST AND CONSTANT 250 KTS EAS
DESCEXD 10 APPROACH ALTITUDE WHICK IS DETER=

MINED BY INFUT GLIDESLOPE AKGLE AND COMMON
PATH CATE LOCATION,

TO INPUT APPROACH VEIOCITY,
SET FIATS TO TAKEQFF SETTING.

AT 150 KTS EAS

WITIL MINIMUM THRUST DECELERATE TN LEVEL FLIGIT

WEITH CONSTANT APTROACIL SPEED AND FIADPS TN
TANDING SETTING DESCEND ALONG GLIDESLOPE
TO TOUCHBOWN,

~

/

T5 TLs

FUNCTTONINGE ATING.

ARD BUN ENDR,

THE PROPARILITY OF ILS FAILURE IS COMPARED
TO A KANDOM NUMBER 10 FIND 1F
IF K0T OFIRATIONAL ANDF TFR CoN-

DETIONS EXIST THEN DIVERT 10 ANOTIER ALRPORT

ILS 15 DIER=

TOUCH DOWN 1S END OF TIE FLIGHT PORTION
I[F TOTAL FLIGHT TTME EXCELLS THAT

SCHRE{WLED TitiN EVENT RECORDEN.

1ANUING/TAXT 1H

FIGURE 6.

DESCENT PROCEDURE

RETURN: RUNWAY
VARIABLES RECORDED: NONE

EVENTS RECORDCD:
ALTERNATE LANDING RUNWAY USED

rSl!.'l'l!kl‘l: WEATHER CONDITIONS
DELAY TIME DIVERT

VARTABLES RECORDED:
WEATHER, DELAY LANDING

EVENTS RECORDED:
WEATHER ON APPROACH

RETURN: LEVEL OF CERTIFICATION
YARIABLES RECORDED: NONE

EVERTS RECOREED:
CAT, T LANDIRG CAPABILITY
CAT. 1I LANDING CAPABILITY
CAT. Y11 LANDING CAPABILYTY

RETURN: TIME IN QUEUE

VARIABLES RECORDED:
LANDING HOLD TIME

EVENTS RECORDED:
HOLD FOR LANDING CLEARANCE
LOW FUEL PRIORITY LANDING

RETURN: TIME, POSITION, SPEED,
HEADING, AND WELGHT.

VARIABLES BRECORDED; NONE
EVENTS RECORDED: NONE

RETURN: TOTAL FLIGHT TIHE

VARIABLES RECORDED;
TOTAL FLIGHT TIME
LANDIHG TIME DELAY
EVENTS RECORDI D
SCHEDULED ¥LICUT TIME EXCEEDED

15
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LANDING
RUN

TAXI
IN

DASSENCER AND
BAGCAGE
UNLOADING

‘LANDING/TAXI n-s)

AFTER TOUCHDOWN ‘THE ALRCRAFT DECELERATES AT
CONSTANT RATE FROM TOUCHDOWN VELOCITY TO TAXI
VELOCITY. AFTER REACHING TAXI SPEED THE AIRCRAFT
TURNS OFF THE FIRST AVAILABLE RAMP. THE TIME
AND DISTANCE REQUIRED TO DECELERATE AND TIME AND
DLSTANCE REQUIRED TQ GET TO THE FIRST TURNOFF
ARE RECORDED,

THE TAXI IN ROUTES ARE DEFINED AS DESCRIBED IN
"TAXT OUT".

ROW MUCH \

TIME REQUIRED
TO UNLOAD ¢

A 3 MINUTE UNLOAD TIME IS
ALLOCATED TG UNLOAD
PASSENGERS AND BAGCACE.

END OF LEG GO T0 PFREFLIGHT FOR
BEGINNING OF NEXT LEG

FIGURE 7. LANDING/TAXI PROCEDURE

RETURN: LANDING RUN TIME
AND DISTANCE

VARIABLES RECORDED: NO{\'E‘
EVENTS RECORDED: NONE

RETURN: TAXI IN TIME

VARTABLES RECORDED:
GATE ARRIVAL TIME DELAY
FUEL CONSUMED
FUEL REMAINING

EVENTS RECORDED: NONE

RETURN: 3 MINUTE iMNLOAD TIME
VARIABLES RECCRDED: NONE
EVENTS RECORDED: HONE



AIRCRAFT

THERE ARE EICHT PO35iBLE FLIGHT MODES:

1. MAXTMUM THRUST WETH PRESCRIRED FLIGHT PATH ANGLE
2. MAXIMIRM THRUST CLIMB AT CONSTANT EQUIVALENT ATRS PEED
3. WAXIHUM THRUST CLIMB AT COMSTANT MACH NUMBER

FLIGHT 4. MINIMUM THRUST WITH PRESCRINED FLIGHT PATH ANGLE

MODES 5. MINIMUM TIRUST CLIMB AT CONSTANT EQUIVALENT ALRSFEED
6. MINIMUM: THRUST CLIMB AT COKSTANT MACH NUMIER

7. CONSTANT EQUIVALENT ATRSTERD ON PRESCR1BED FLIGHT BATH
B. CONSTANT MACH NUMBER ON PRESCRIBED FLICHT PATH.

THERE ARE THREE PCBSIBLE FIAP SETTINGS TO BE USED WITH THE MODES

1, FLAPS UP
2, TAKECFF FLAP SETTING
3. LANDING FIAP SETTING.

FLIGHT SPEED, MACH NUMBER, AND FUEL CONSUMPTION CAN
OUTPUT BE CALCULATED BASED GN FLIGHT MODE SPECIFIRD, ALTITUDE,
AND BANK ANGLE.

‘ REPAIR ,

15 HARDWARE
ITEM REQUIRED
FOR DISFATCHT

WHAT 15
REPAIR TIME?

RETLRN

FIGURE 8.

SOME HARDWARE ITEMS ARE REQUIRED TG BE REPAIRED
AT THE AIRPORT WHERE FAILURE WAS RETECTED, OTHER
ITEMS CAN REMALN URREPAIRED UNTIL ARRIVAL AT A
MAJOR REPAIR STATION, THE REQULIRED EGUTPMENT
COMPLEMENT 1S BASED ON THE WEATHER CONDITIONS.

FOR FATLEL ITEMS REQUIRING REPALR THE TIME
REQUIRED IS CALCUIATED USING A BETA PROBABILITY
DENSTTY OF REPAIR TIME FGR EACH ITEM, ALL

REPAIRS MADE TN PARALLEL, IF TOTAL REPAIR TTME
GREATER THAN MAXIMUM ALLOWABLE DELAY TIME (2 HUURS)
TUHEN CANCEL #1IGHT.

ATRCRAFT AND REPAIR PROCEDURES




Program Modifications During Phase II

Several improvements and modifications were made during Phase II,
Most of these are deseribed under the discussion of the Air California
Simulation in the next section. Those not directly related to that
simulation are described below.

Ceiling and Visibility.~ Weather data in the vicinity of San Jose
Municipal, Sacramento Executive, and Orange County Airports were obtained
from the U.,5. Department of Commerce, National Oceanic and Atmospheric
Administration (NOAA), Those airports are the ones simulated during the
Phase I development, The data were reduced to probabilities of VFR and
Category I, II, and III ceiling and visibility conditions at each airport.
In addition data were found in climatological summaries supplied by the
National Climatic Center on the expected duration of Category II and III
conditions in the Los Angeles and Qakland areas, These data were used
to develop and incorporate a Markov Chain model of approach and take=off
weather conditions. The model and data are described in detail in
Appendix A,

Local Wind.- The data supplied by NOAA alsc contained statistical
distributions of wind intensity and direction for each of the three
airports. These data were incorporated in the program to provide the
basis for selection of the active runway for each approach and take~off,
Each airport has a primary runway, usually dictated by noise abatement
considerations, Alterndte runways are utilized when tailwinds on the
primary runway exceed 5 knots,

Landing and Take-off Traffic Delay.~ A relatively simple traffic
delay model was utilized in the initial program development, A more
comprehensive queuing model which was a part of Battelle's Airport
Integrated Design System (AIDS) developed for the FAA, was utilized
during Phase II. AIDS is a set of computer programs, implemented with
interactive graphics, which can be used for the analysis of runway
usage and incurred delays (Airspace model), gate demand and delays
(Airside model), and ground terminal area requirements (Landside model),
In one of several modes of operation, the Airspace model can be used to
produce runway service rate and diurnal delay pattern, The inputs are
traffic mix and demand as a function of time of day. The outputs
utilized in the STOL simulation program are the mean value and standard
deviation of the delay versus time of day. It is assumed that at any
given time, the probability distribution of delay is Gaussian, described

by the mean and standard deviation. The use of the model is discussed
further in the next section,
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Ajr California Simulation

One of the objectives of Task 10 was to provide some form of
validation of the simulation program. The method chosen was to simulate
an existing airline operation. Air California was contacted and they
agreed to support the simulation by making their operations and main-
tenance data available.

Air California is a short-haul intrastate carrier operating Boeing
737's. They have service to Santa Ana (Orange County), Ontario, San
Diego, San Jose, Oakland, San Francisco, Palm Springs, and Sacramento,
Air California prOV1ded the following information:

(1) Data on the operating characteristics of the 737,

(2) Lists of equipment aboard the 737 and the minimum
equipment list from the pilot's handbook,

(3) Monthly prematurs removal reports for the avionics
equipment,

(4) Maintenance performance reports, and

(5) Operating statistics,

The data available covered approximately two years' operatioms for
seven Boeing 737's, Tables 1 and 2 are samples of the maintenance and
operating statistics, respectively, Table 3 summarizes some of the most
pertinent data from those tables. There were no data on duration of
delays, with the exception of maintenance delays. The 737 operating
characteristics were used to modify the existing aircraft simulation
80 that it matched the 737 performance. The equipment lists and
minimum equipment requirements were utilized as input data on aircraft
avionics complement. The premature removal reports provided the data
from which the mean time between unscheduled removals (MTBUR) for
individual equipment could be determined.

Fueling was based on three consideratiors;

(1) Minimum fual required, This is the sum of the minimum
trip fuel (2000 1b), the FAR 121 required residual
fuel for 45 minute cruise (4000 1b), and starting and
taxi fuel (400 1b). This gives a minimum load of 6400 1b,

19
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TABLE 1. AIR CALIFORNIA B-737 MAINTERANCE PERFORMANCE REPORT FOR THE PERIOD JULY, 1971 -~ JUNE, 1872

July Aug. Sept. Oct. Nov, Dec, Jan, Feb. Mar. Apr, May June

Number of Aircraft in Service 8 8 8 8 8 8 g 8 8 7 7 6
Total Hours Flown 1391 1397 1339 1532 1470 1500 1400 1255 1364 1279 1342 12€ed
Number of Departures 2212 2248 2177 2420 2370 2509 23B7 2216 2287 2180 2254 2181
Daily Utilization Hours 5:36 3:38 5:34 6311 6:08 6:03 5:38 5:35 5:45 6:05 6:11 6:01
Enroute Checks Performed 183 124 118 76 76 169 168 160 157 143 140 140
Preflight Checks Performed 113 121 121 164 164 68 65 63 62 58 [=]:] 57
Service Checks Performed 8 9 8 9 9 8 7 7 & & 6 6
Mzintenance Checks Performed 2 2,25 2 2.25 2.25 2 1.75 1.75 1.50 1 1.50 1.5
Cancellations Caused by Maintenance 4 z 1 9 9 1 4 1 3 2 3 2
Total Hours Delayed by Maintenance 9:23 9:26 4;54 15:16 13:53 18:21 14134  14:05 16:17 _7:33 21:42 17:27
Averasze Length of Maintenance Delays 20min _ 21lmin 1lmin  30mia 27min 24min 27min  3lmin 30min 16min 35min 23min
Hours Flown per Maintenance Delay 50 52 52 51 47 33 44 48 41 4Lb 36 27
Maintenance Delays per 1000 Flipht Hours 20 19 19 20 21 3l 23 21 24 23 28 36
Maintenance Delays per 1000 Departures 13 12 12 12 13 18 13 12 14 13 16 21
Delavs Caused by Maintenance 28 27 26 kil 21 46 32 27 33 29 37 44
Number of Delays Followipg Maintenance 0 0 0 8 2 [ 3 3 3 3 5 6
Number of Mechanical Delays 23 21 18 20 26 42 23 20 29 22 31 3l
Mumber of Avionics Delays 1 5 6 2 4 3 1 1 1 5
Number of Electrical Delays 4 1 2 0 3 2 1 0 3 2
Maint, Cancellations in % of Total Departures 0,18% 0,09% 0.5% 0.37% _ 0 0.04% 0.17%  D.05% _ 0.13% 0.09% 0.13%2  0,09%
Maint, Delays in % of Total Departures 1.27% 1,30% 1.19% 1.24% 1.30%  1,83%  1,34% 1,22% 1.44% 1.33% L.64% 2,02%

PERCENT OF DEPARTURES CANCELLED OR - '
DELAYED FOR MAINTENANCE 1.457 1.297% 1.24% 1.6l% 1.30% 1.87% 1.51%  1.27%  1,57% 1l.42%  1.77%  2.11%

e e ———
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TABLE 2, AIR CALIFORNIA B~737 OPERATING STATISTICS FOR THE PERIOD JULY, 1971 - JUNE, 1972

July Aug, Sept, Oct. Nov, Dec. Jan, Feb. Mar, Apr, May June
Departures Scheduled 2220 2251 2178 2454 2383 2581 2439 2233 2313 2180 2254 2180
Departures Made 2212 2248 2177 2420 2370 2509 2387 2216 2287 2180 2256 2181
SCHEDULE PERFORMANCE 99.6% 99.8% 99.9% 98.8% 99,4% 99,1% 97.8% 99,2% 98,8% 100% 100,1% 100%
Maintenance Cancellations & 2z 1 g ~ 0 1 4 1 3 2 3 2
Weather Cancellations 0 Q 0 1 Q 1 El 4 0 0
Equipment Cancellations 1 4 6 4 2 3 3 0 4 3 - 4 1
Dther Cancellations 1 0 0 [ 3 -- - 1 Y] Q 2 3
TOTAL CANCELLATIONRS b 6 i 18 5 5 16 6 7 5 9 6
Passengers Carried 80,352 88,457 75,973 80,169 88,475 85,273 75,500 77,822 88, 606 82,781 89,947 94,446
Available Sear Miles (000) 53,276.2 53,968,7 51,414.2 56,780,6 55,603,9 58,015.3 53,845, 49,918,2 51,533.6 50,568.2 52,677.0 51,580.8
Revenue Pax Miles (000) 28,274,1 _31,120,0 26,858,8_ 28,595,6 30,0128 30,412.8_26,804.7 27,579.4 31,645.9_29,620.8_ 32,233.5 33,699.3
LOAD FACTOR 52,2% 57.7¢% 52,2% 50.4% 54,0% 52.4% 49,8% 55.2% 61,4% 58, 6% 61.2% 65.3%
ON=-TIME PFRFORMANCE 69.9% 69.7% 70.7% 63.47% 59.6% 52.9% 55.7% 57.1% 57.0% 68,0% 65.9% 60.07
1-5 Minute Delays 366 369 368 392 350 452 373 319 408 393 399 400
5-15 Minute Delays 210 187 219 322 309 455 346 334 302 239 230 282
Over 15-Minute Delays a0 92 63 190 290 317 ~ 335 283 251 365 131 199
TOTAL DELAYS 666 649 640 904 949 1224 1054 946 961 697 760 881
Maintenance Delays 28 27 26 30 31 46 32 27 33 25 37 44
Weather Delavs [i] 5 1 10 20 7 52 43 15 1 -- -~
Eguipment Delays 0 7 4 8 2 7 7 3 & 7 12 13
Passenger Delays 49 78 41 33 28 53 _9 22 20 23 36 23
Fuel Delays 17 6 9 15 14 13 [ 9 6 10 14 8
ATC Delays 9 3 3 i & 1 0, - 1
Late Arrivals 444 421 403 605 671 832 768 675 707 437 451 563
Other Delays 113 104 162 203 280 263 179 163 173 190 210 227




TARLE 3. SUMMARY OF AIR CALIFQORNTIA QPERATING PERFORMANCE
(JULY, 1971 - JUNE, 1973)

Gate Departure Delays

1L - 5 min 17.1%
5 - 15 min 15.27%
> 15 min 10,3%
Sources of Delay
Maintenance 1.487%
Passengers 1,47%
Fuel 417,
Weather (Year Round) 427
{November-March) .78%
Late Arrivals 29,427
Other 8.697%
Mean Maintenance Delay 26.5 min
Cancellations
Weather 0,027%
Maintenance and Equipment 0.236%
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(2) Maximum gross weight. Maximum gross weight is about
115,000 1b and is dependent on runway length and
environmental conditions., However, Air Califormia
seldom loads their aircraft over 100,000 1b.
Maximum fuel weight is 24,000 1b.

(3) Fueling costs at sach airport, The price of fuel can
vary by as much as 50 percent at the airports served
by Air California, The price at some stations is
volume dependent and many have a minimum order
requirement,

The third consideration influenced the simulation to the extent that
scheduled fueling occurred at as faw airports as posaible,

A one day flight schedule was set up based on a one day average of
the Air California seven aircraft flight itinerary, Figure 9 shows the
Air California itinerary for an average day, Each bar represents block
time (gate to gate time). The open spaces represent time at the gate,
Many of the stops are as short as 10 minutes, This schedule has the
following average conditions:

(1) 14.7 flight legs per day

(2) 39,3 minutes block time per leg
(3) 23,3 minutes gate time per leg

(4) 9.33 hours block time per day.

The last row on Figure 9 shows the schedule that was get up to be
representative of the Alr California schedule for use in the simulation.
This simulated schedule has the following average conditions:

(1) 15 flight legs per day

(2) 35 minutes block time per leg
(3) 21.8 minutes gate time per leg
(4) 8,45 hours block time per day.

Note that this schedule utilizes the three airports simulated during Phase
I (San Jose, Sacramento, and Orange County) plus Ontario. Ontario was
added to provide several short legs (15 minutes from SNA to ONT). The
shortest leg possible with only the three initial airports was 25

minutes from San Jose to Sacramento., The weather data for Orange County
were also used to represent the weather at Ontario,
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Information on traffic delays at the airports to be simulated was
obtained from Air California and the airport tower persommel at Orange
County and San Jose. The consensus from all consulted was that traffic
congestion delays were minimal at all of the airports to be simulated.
Of these, Orange County was the busiest. Thus, the congestion delay at
this airport was analyzed with the Battelle AIDS program described in
the previous section. ’

Based on FAA data and limited data from the Orange County Airport
the average number of daily operations 1s 156 commercial carrier, 323
light twin, and 1,377 single engine. The alrport has two parallel runways
separated by 500 feet. One is 5,700 feet long and the other is 2,888
feet long. During VFR operations the runways are used virtually as
independent runways. Approximately 60 percent of operatiouns are on the
shorter runway and they are almost all single engine light aircraft.
On this basis the demand on the longer runway was described as 156 -
operations at 120 knots, 323 at 95 knots, and 252 at 85 knots. The
demand pattern was set approximately uniform from 0700 to 2000 hours.
Figure 10 shows the mean arrival delay predicted by the AIDS program.
No further analysis of this or the other airports was attempted because
of the almost insignificant traffic delays at these airports. Traffic
delays are generally not worse under IFR conditions because most of the
light aircraft are not flying under those conditions.

Table 4 shows the equipment complement used in the simulation along
with the dispatch requirements. Some of the equipment is required for
each aircraft dispatch, whereas, other equipment on the minimum equipment
list can wait a few flight legs until the aireraft reaches one of ‘the air-
line repair stations. Orange County was designated as the repair facility
for purposes of the simulation. Thus, as an example, the aircraft cannot
be dispatched unless two attitude reference systems are operable. The
fourth column lists the equipment which must be operable to accomplish
a Category I landing.

Table 5 shows the results for a simulation of 5,000 days of the
schedule shown on the bottom row of Figure 9. This table is an accumula-
tion of data for all 15 flight legs. In addition to this summary page,

a typlcal computer output has a similar page for each of the flight legs.
The output is separated into two categories: continuous variables on the
top half of the table and discrete events on the lower half. Following
iz a description of each of the columns for the continuous variables.
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TABLE 4,

CATEGORY 1 EQUIPMENT REQUIREMENTS

Item

Qty

Req'd for
Dispatch

Fix @ lst
Rep. S5tn,

Cat. 1

Flight Director
Flight Control

Speed Control
Primary Compass
Backup Compass
Attitude Reference
Air Data Computer
Altimeter

Airspeed

VHF Comm, Receiver
VHF Nav, Receiver
Marker Bezzon Raceiver
DME

Radio Altimeter

ATC Transponder
Weather Radar

Flight Recorders
Flight Interphone
Instrument Comp/Warn
Additional Avionics
Alr Conditioning
Oxygen

Hydraulics
Electrical System
Engines

Additional Mech. Items
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TABLE 3.

RESULTS OF SIMULATION OF AIR CALIFORNIA OPERATIONS.

STATISTICS FOR 5000 DAYS WITH 3 ROUND TRIPS PFR DAY, TOTALING 38041,3 FLIGHT HOURS,

Fusber of Srandard Mex lews Hipimum Conatraint Numhes Constraint | Number
Sampler Mean Deviatian Value Value Maximum Greater Min{me Lens
Equiprent Repair Tine (min) 1644 52.6 64,3 4l4a.4 4.1 30.¢ 654 10,0 135
Fusl Loading Time (mind 31259 10,4 34 15.0 5.1 10.0 © 16969 5.0 ¢
Equipment Repsir Delay (mim) 1939 30.9 3.3 126,32 .0 0.0 L0O4 10,0 74
Fuel Loading Delay (min) 5 1.1 .6 1.6 »3
Cergo Loading Delay (min) 232 W7 o7 %1 .0 5.0 i 1,0 178
Pasaenger loading Delay (min) 2983 2.2 2,0 134 -0 R 5.0 287 1.0 1014
Fue} Loaded (1hb) 31259 10749.6 6219.6 20000.0 1004
Tnirlel Fuel Load (Ib) ¢ 71352 17246 4 14,3 200060,9 5764.3
Inftial Takeoff Welght (1b) 71352 94512.3 3104.3 97265.,9 83030.2
Gate Deperture Delay (min) 20774 20,1 10.% 255.8 1.0 15,0 5194 5.0 8841
Tak¢of[ Held Time (min) 45786 2.0 2.0 24,3 3 10.0 339 5.0 41870
Takeoff Dalpy imind 71120 538 |, 19,0 256,53 =2.2 10.0 81S 0.0 5390
weathee Deley on Takeoff (min) 972 4,7 | 33.2 119.8 - .0 60.0 303 1.0 17
weather Uelay Lending (ain) 238 47.8 7.0 158.9 o 60,0 15 1.0 []
Lending Hold Time (min) 45394 2,0 1.9 24,0 o 10.0 10 3.0 41630
Total Flight Time {(min} 71052 3.1 24,5 171,.0 9.8
Landing Time Delay (min} 71052 8.2 19,3 259.8 =76 3.0 Lrhé 5.0 46531
Gate Arcival Delay (win} 71052 8.5 1%.5 239.8 =T.4 15.0 7413 1.0 175392
Fuel Consumed (1b}) 71052 3519.7. 2251.3 15730.4 i
Fuel Remgleing (1b) 71052 13717.8 4340,2 1B768.2 3622.8
fvent Oeeurrencen Event Occurrences Hardvare tem | Fatled { Repaired
Wardware Failure 2063 VFR Weather at Takeoff bb223 Flight Directer System ] 14 L]
Hacdware Ttems Repaired 1667 Cat 1 Weather at Takeoff 4155 Flipht Control{Pitch/Roll/Yaw) 60 1]
Cancelled Pue to Long Repalr 118 Cat 11 Weather at Takeoff 71 Speed Contral System 6 0
GCate Depariure 71120 Cat I1II Weather at Takeoff 303 Primary Compass System (] 58
Dispazch Rithin 15 Minutes 64926 VTR Weather on Approach 66247 Backup Cowpass Systen 17 15
Seheduled Flight Time Freeeded 53346 Car 1 Weather om Apprerch 4582 Attitude Reference B &0 33
Tivect to Alternate Alrpott 68 Cat IJ Weather on Approach 75 Af{r Data Computer System 1% 14
ILS Fatlure 76 Cat 111 Weather on Approach 216 ° ]Altimeter 6 19
Hold for Takeolf Clesranes 45786 cat 111 Takeoff Capability 0 Alrspeed & 4
Hold for landing Clearante 45394 Cat 11 Takeoff Capabllity /] Primary Communicaticens 53 50
low Fuel Pricrity Landing [i] Cat 1 Takeoff Capability 71120 VHF NAVY Rocalver 92 8l
Aleernate Takeoff Ruhway Used 7322 Cat IIl Landing Capability 1] Backup Radio NAV 62 0
Alrernate landing Runway Used 1392 Cat 11 Landing Capebtitty i} Marker Beacon Recelver 15 0
Cancelled Due to Weather 232 Cat 1 Landing Capabiliny 71001 DL 156 133
Radio Altimeter 5 0
ATC Tramsponder 38 A6
Weather Rodar 122 o]
Flight Hecorderes 47 . &2
Flight Tnterphone 7 7
Tnatrument Comparisen/Warning 13 0
Addttional Avionice 46 29
Atr Condicioning 18% 172
Oxyyen Syatem 48 &4
Hydraulices System 19 18
Eleccrical Systenm & [
Fuel System 11 9
. ' . Tirgines 8 2%
« Additiona) Mechsnical Trems 859 k]




Number of Samples - this is the number of times that the
variable took on a specific value. For example,
equipment repair does not occur at every stop and
delays do not occur on every flight.

Mean - mean value of the variable taken only over the
samples for which the variable had a value.

Standard Deviation - self-explanatory.

Maximum Value - self-explanatory.

Minimum Value - self-explanatory.

Constraint Maximum - a number entered by the user.

Number Greater — the number of samples which exceeded the
constraint maximm.

Constraint Minimum - A number entered by the user.

Number Less - the number of samples which were less than
the constraint minimum.

Following are some interpretations that can be drawn from Table 5.
Under the left column of events, 2,069 items of hardware failed, of which
1,667 were repaired or replaced during the days' operations. The variable
equipment repalr time, at the top of the table, shows that the repairs
occurred at 1,644 stops implying that at a few stops (the difference
between 1,644 and 1,667), more than one item of hardware was repaired.
0f the 1,644 repair times, 1,039 caused a delay (number of samples in
the third row). Gate departure delays (10th row) occurred on 20,774
departures. Of those, 6,194 exceeded 15 minutes and 8,842 were less than
5 minutes. Weather delay (13th and l4th rows) occurred 972 times at
take-off and 238 times on approach for an average of about 45 minutes.

The smaller number of landing delays is due to the fact that the aircraft
does not take-off from an airport until the weather at the destination is
Category I or better.

Under events, there were 118 cancellations due to long repair. A
flight is cancelled if a delay for any cause other than a late arrival
exceeds 2 hours. There were 71,120 gate departures for the 5,000 days.

If there had been no cancellations this number would be 75,000 since there
are 15 legs per day. The difference between 75,000 and 71,120 is greater
than the number of cancellations because the remainder of the day is not
considered when a cancellation or diversion occurs.
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The 68 diversions to alternate airports occurred because a weather
delay on approach exceeded the fuel reserve capability. A long delay due
to traffic congestion can cause a low fuel priority warning, however,
none occutred. The 232 cancellations due to weather were caused by holds
on take-off greater than 2 hours.

Under hardware items, the differences between number failed and
number repaired is due either to the fact that the item doesn't have to
be repaired during the day or that some of the failures occurred on the
last leg.

Table 6 shows a comparison of the results of the simulations with
some of the Air California data. There 1s a good match in dispatch
reliability. Dispatch reliability is the percentage of the time that
gate departures are less than 15 minutes late. Thus, it is 100 percent
minus the probability of a departure delay greater than 15 minutes,
which is also shown in the table. The simulation shows significantly
legs delay under 15 minutes than the Air California data. This is be-
cause there was no category of "other" delays which was entered into
the simulation. As shown in Table 3, this source of delay amounted to
8.69 percent of total departures. It is assummed that these "other"
delays were generally short delays because of the good correspondence
of the simulation for large delays and because of the pronounced effect
that "other" delays would have if they were very long. For example,
maintenance delay in Table 3 are only 1.48 percent of total departures
which would seem at first to be relatively insignificant. However, a
single maintenance delay can cause an aircraft to be late for several
successive flights because there is insufficient buffer in the schedule
for making up losses. But successive delays are attributed to late
arrivals (29.4 percent) as a source of gate departure delays. This
category of late arrivals could mostly be allocated to sources of delay
such as maintenance and weather. If the category of "other" delays was
predominantly longer than 15 minutes, then the late arrival category would
have to be much larger. In addition, simulation results in the next section
will show that weather and maintenance delays have almost mo impact on the
departure delays under 15 minuntes.

The simulated weather delays and cancellations occurred signifi-
cantly more often than the Air California data show. This leads one
to question the validity of the weather data or the interpretation of
that data. In early simulations, the data were even more widely separated.
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TABLE 6. COMPARISON OF AIR CALIFORNIA DATA AND
SIMULATTON RESULTS

Air California

Data Simulation

Dispatch Reliability 89.67 91.32
Departure Delays (%)

1-5 min 17.1 12.39

5-15 min 15.25 8.04

> 15 min 10.33 8.68
Repair Delay (%) 1.48 1.46
Weather Delay - Takeoff (%) 0.78 1.36
Cancel for Long Repair 174 118
Cancel for Weather 20 232
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Because of the large disparity between the simulation and Air California
data and the hazards of drawing improper conclusions based on exaggerated
adverse weather, the weather probabilities and correlation times were
arbitrarily halved. The data in Tables 5 and 6 and in simulation data in
the next section reflect these raduced probabilities. Even with the reduced
adverse ceiling and visibility probabilities, the simulation appears to
exaggerate the actual Air California experience. However, it should be
noted that the Air California data represent a sample of only 2 years,
whereas, the data from NOAA generally reflect more than 10 years' experience.
A word of caution should also be applied to the interpretation of Ailr
California data. Their ground rules for cancellation are not nearly as
arbitrary as the 2-hour delay used in the simulation. They seek alterna-
tive solutions such as rerouting, later flights, spare aircraft, etc.,
before accepting 2 flight cancellatiom.

Some of the results reflect very low probabilities and thus the
confidence in the Monte Carleo results could be suspect., Table 7 shows
the confidence that can be obtained for 75,000 and 5,000 trials. As an
example, for an answer of 1.00 percent with 75,000 trials, there is a
99 percent confidence that the answer lies in the region 1.0 ¥ .0093.

The addition of an "other" category of gate departure delays (as
listed in the Air California data of Table 3), with a distribution ranging
from 1 to 20 minutes, would accomplish a precise match between Air
California data and simulation results. The weather differences described
above would then provide the only gignificant difference in results. The
addition of the "other" category could be useful to assure that absolute
results are correct. However, this addition would not affect a comparative
or sensitivity analysis since there would be no justification for varying
that source of delay.

Additional computer simulation runs were made to demonstrate the
effectiveness of the simulation tool for determining the impact of various
operational or equipment modifications. These are described in the next
section.

32



TABLE 7.

MONTE CARLO CONFIDENCE VALUES

Monte Carlo

Accuracy

75,000 Trials

5,000 Trials

Result 95% Confidence 99% Confidence 95% Confidence 99% Confidence
.99 7.1 x 1072 9.3 x 107 2.7 x 107% 3.6 x 107
.95 3.4 x 107 4.5 x 107% 1.3 x 1072 1.7 x 1072
.9 6.4 x 107 8.5 x 107% 2.5 x 1073 3.3 x 1077
8 1.1 2 1072 1.5 x 1073 4.4 % 107 5.8 x 107
.7 1.5 % 107° 2.0 x 107° 5.8 x 107 7.7 x 1073
.6 1.7 x 107 2.3 x 107 6.7 x 107> 8.8 x 107>
.5 1.8 x 1073 2.4 x 107° 6.9 x 10 9.1 x 107
4 1.7 x 1077 2.3 x 1073 6.7 x 107 8.8 x 107>
.3 1.5 x 107> 2,0 x 107> 5.8 x 107> 7.7 x 1073
.2 1.1 x 1073 1.5 x 1073 b x 1073 5.8 x 107
.1 6.4 x 107 8.5 x 107* 2.5 x 1073 3.3 x 1073
.05 3.4 x 107 4.5 x 107 1.3 x 107 1.7 x 1073
.01 7.1 x 107 9.3 x 107 2.7 x 107 3.6 x 107
Example: Monte Carlo result is .6 for 75,000 trials, then one has a 95%

confidence that the true

answer is in the interval .6 + ,0017,
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Additional Simulation Results

The effectiveness evaluation computer simulation program can be
a valuable supporting tool for technology development only if:

(1) 1t provides a reasonable representation of the external
influences which affect a commercial air carrier

(2) It is sensitive to changes in characteristics of the
specific equipment or procedure being evaluated.

In the previous section, it was demonstrated that the simulation can provide
a good representation of existing short-haul operations. The purpose of this
section is to demonstrate that the program, in 1ts present state, has the
necessary sensitivity to address several types of problems. Several gsimula-
tions were run with the fullowing variations.

(1) The complement of avionics aboard the Air California
737's was augmented with sufficient additional equipment
and redundancy to achieve a Category II and then a Category
ITI approach/land capability. The possible advantages
to be achieved with these capabilities are of interest to
many alrlines and was a specific area of interest to Air
California.

(2) With a Category III capability, several repair strategies
were utilized for those items of equipment required for
the Category 111 approach.

(3) Runs were made, in which only true equipment failures
were acted upon, to determine the impact of eliminating
unverified removals, a major cause of maintenance expense.

{4) The schedule was modified in two ways to determine if there
was a best way to reduce the total number of flights.

The results for these cases are described below.

Improved Weather Capability.-Tables 8 and 9 show the equipment which
was hypothesized to achieve Category II and III capabilities, respectively.
Note that the differences in Category I (Table 4), II, and III are pri-
marily the redundancy requirements. For Category ITI, it was assumed that
the aircraft can land in any ceiling and visibility conditions. Mean
time between unscheduled removal (MIBUR) data for Category III were taken
from one avionics manufacturer's guarantees to an aircraft manufacturer
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TABLE 8,

CATEGORY II EQUIPMENT REQUIREMENTS

Qty

Req'd for
Dispatch

Fix @ 1st
Sep. Stn,

Cat 1 Cat I

Flight Director
Flight Control
Speed Control
Primary Compass
Backup Compass
Attitude Reference
Alr Data Computer
Altimetar

Alrspeed

VHF Comm. Receiver
VHF Nav. Receiver
Marker Beacon Receiver
DME

Radio Altimeter
ATC Transponder
Weather Radar
Flight Recorders
Flight Interphone
Instrument Comp/Warn
Additional Avionics
Air Conditioning
Oxygen

Hydraulics
Electrical System
Engines

Additional Mech, Items
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TABLE 9,

CATEGORY III EQUIPMENT REQUIREMENTS

item

Qty

Req'd for
Dispatch

Fix @ 1st
Rep, Stn,

Cat I

Cat II

Cat 11l

Flight Director
Flight Control

Speed Control
Primary Compass
Backup Compass
Attitude Reference
Air Data Computer
Altimeter

Airspeed

VHF Comm, Receiver
VHF Nav. Receiver
Markexr Beacon Receiver
- DME

Radio Altimeter

ATC Transponder
Weather Radar

Flight Recorders
Flight Interphone
Instrument Comp/Warn
Additional Avionics
Air Conditioning
Oxygen

Hydraulics
Electrical System
Engines

Additional Mech, Items
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for equipment utilizing current analog technology. These MIBUR's were
significantly less than for Air California's Category I experience, pri-
marily because of the increased autopilot cowplexity and the level of
redundancy. MTBUR data for Category II changes were estimated based on
judgements regarding the increased complexity requirements.

Table 10 summarizes the results for several simulations. Tables
11 to 16 are results for each simulation and are in the same sequence
as the columns (from left to right) in Table 10, The data in the first
¢olumn of Table 10 came from the Air California simulation data of
Table 5. The category heading on each column refers to the level of
aircraft approach and landing capability, not to the actual weather
encountered. Each simulation utilized the same weather data., The
repair option refers to the repair strategy for equipment not specified
by the minimum equipment list, but required for adverse ceiling and
vigibility conditions. For example, under the Category III heading,
repair when failed means that if a failure occurs which would preclude
a Category III landing, the item is repaired at the first stop regardless
of actual weather conditions, Repair at SNA means that the same failure
would not be repaired until the aircraft reached Drange County and would
always be repaired there, Repair at SNA when IFR ahead means that the
fallure would be repaired only at Orange County and then only if there
was IFR weather at the present time at ome of the flight stops before
returning to Orange County. All of the columns, except the two noted,
utilize MIBUR distributions to determine when equipment 13 replaced or
repaired. Industry experience is that approximately 50 percent of re-
movals are unverified (checked out all right). For the two columns marked
MIBF (mean-time-between failure), all avionics equipment MTBUR's were
doubled. This would represent a hypothetical case in which the unverified
removals could be eliminated with perfect on-~board test equlpment.

Dispatch reliability improves with increased adverse weather capa-~
bility. Delays under 15 minutes are generally unaffected by the changes.
The number of equipment removals increases drastically (almost 25 percent)
when Category III capability is added. This is particularly dramatic in
light of the fact that avienics failures comprised only about 20 percent
of the total failures in the Category I case and only avionics items were
added to achieve a Category IIT capability. Elimination of unverified
removals reduces the number of failures to Category I levels, Weather
delays and cancellations are reduced as expected with increased capabil-
ities.

Average fuel consumption was lowest in the Category I case, This was
not expected and turned out to be due to the fact that the hydraulics
gystem welght was increased by 2,000 1b for the Category II and IIT cases,
This was an excessive weight addition, particularly for Category II, but
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TABLE 10, RESULTS OF SEVERAL COMPUTER SIMULATIONS

Cat I Cat II Cat III
Repair at Repair at Repair at SNa
© 8MA if SNA 1if Repair When Repair at SNA When IFR Ahead
IFR Ahead IFR Ahead Failed MEBUR MLEBF MTBUR MIBF
Dispatch Reliability (%) 91,32 93.86 95,45 95.79 96.91 96.65 97.11
Departura Delays 1~5 min (%) 12,39 12,64 12,57 12,80 12.86 12,71 12.80
5-15 min (%) . B.04 7.85 7.73 7.72 745 7.58 7.36
>15 min (%) 8.68 6.14 4,55 4,21 3.09 3.35 2.89
Number of Items Failed 2069 2139 2528 24 1834 2461 1867
Number of Daytims Repairs 1667 1428 2232 2150 1618 1536 1344
Repair Delay (%) 1.46 1.26 1.95 1,75 1.31 1.31 1.14
Weathar Delay - Takeoff (%) 1.36 1,002 - 0.020 0.028 0.214 0.170
- Landing (%) <334 0,205 0,0014 0.120 " 0,0054 0.0203 0.012
Mean Fuel Per Leg (1b) 3519.7 3533.5 3525.3 3526,3 3523.,9 3527.0 - 3527.2
Cancel for Long Repair 118 124 149 133 122 125 141
Cancel for Weather ©o232 147 - 2 - 37 38

Divert to Altermate Alrport 68 8l 7 ] 8 10 8
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TABLE 11. RESULTS OF SIMULATION OF AIR CALIFORNIA OPERATIONS WITH CATEGORY II
APPROACH CAPABILITY (CAT II EQUIPMENT REPAIRED ONLY AT SKA WHEN IFR
WEATHER AHEAD),
STATISTICS FOR 5000 DAYS WITH 3 ROUND TRIPS EER DAY, TOTALING 38208.7 FLIGHT HOURS

e, —— —""'_'_._’-.-—————
Kumber of Standard Hax bmum Minimun Constralat Numbey Constraint | Number
Samples Nean Deviarion Yalue Value Haxieum Grearey Minimum lens
Equiprent Repair Time (mln) - 1401 53,7 70.8 475.1 5.0 30.0 - 695 10.¢ 94
Furl Londing Time {min) 25278 0.8 -3,2 15,8 5.1 10,0 . 18902 5.0 0
Fquirment Repnir Delsy (mim) 904 30.56 7.7 127.5 W0 _30.0 352 1o.0 P11
Fyel Leading Lelay (min) 0 0.0 0.0 0.0 5,0
Cargo Loading Delay (min) . 211 .7 o6 A5 0 5,0 1} 1.0 155
Pavrenger Toodlng belay (min) 3034 .2 2.0 14,4 T,a0 5.0 2 1.0 1025
Fuel loaded (1b} 29278 11336.0 8380.4 20000.0 105,1
initlal Fiel Load {1b) 1256 16955.8 217.5 20000.0 | 8541,7
Initial Tekeoft Welght (1b) 1 71756 95987.7 1215 $9031.9 | 87573.6
Gate Departure Delay {min) 1316 i5.4 25,0 265.7 1.0 15,0 4409 5.0 9072
Tekeol[ Hold Time (min) 45715 - 2.0 % . 2,0 24,0 o 10.0 339 5.0 41719
Takeoff Uelay (min) 71609 , 8.1 16,7 . 265.4 -=2,2 10.0 6434 0.0 37456
Keather Delay on TakeofF (mln) 719 43,6 g 119,4 o1 60.0 221 1.0 14
Weather Delay landing (uin) 147 1% | 3.6 136.7 3 60.0 » 1.0 4
Laading Hold Time (min) 45134 .0 1.9 21,0 X 10,0 284 5.0 41618
Total Flight Time (min} ) 71528° 32,1 0.4 164.9 9.8
Landing Time Delay (min} 71528 6.4 15.1 264,% =8.6 30,0 3183 5.0 4B431
Gate Arrival Telay (oin} 71528 6.5 15.0 266.0 =8.1 15,0 5559 1.0 15280
. .
Foel Consumed (1b) 11528 . 3533.5 2220.6 15360.0 1218.4
Fuel Reraintng (1b) 71528 13424,3 £528,3 18762.6 3301.9 48431
Event Occurrences Event Occurrenecs liardware Ttem Failed Repdired
ltardware Fallure - 2139 VFR Weather at Takeaolf 66640 Fllghe Directpr System 1L 2 .
Hardware Tcems Repaired 1428 Cot T Weather at Takeoff 45638 Flight Control{Pitch/Roll/Yaw} © 126 L&L -
Cancelled Due to Long Repair 124 Cat 11 Westher at Takeoff m Specd Control System 13 3
Cate Deporture 71609 Cat III Waather ot Takcoff 2718 Primary Compass System £1 60
Dispatch Within 1% Minntes 67200 VFR Weather on Approach -66BEIS Backup Compass System 9 2
Scheduled Flight Time Exceeded 53839 Cat I Weather on Appreach 4521, Attitude Reference 0 22
Divert to Alternace Afrport a1 Cat 11- Weather on Approech 223 Alr Dota Computer Sysrem 19 11
1LS Failure &0 Cat 111 Weather on Approach T Alti{meler 26 12
Hlold rer Takeoff Clearance 45715 Cat TIT TakeofF Capability ) Q Alcapeed 7 &
liold far lending Llearance eI Lat ks Apaewii Capabdiiicy 70134 Primary Communicatiens . &0 60
Lov Fuel Priority Landing [1] Cat 1 Takeof{ Capabiliey 1475 VItE RAYV Recelver 29 23
Alternate Tekeof! Runway Used 7456 Cat 111 Landing Capability 0 Backnp Radio ®AV 50 b
Alternste landing Runway Used 7472 Cat 11 Landing Capability 6824 Marker Reacon Recciver 25 ]
Cancelled Dur to Westher 147 Cat I Landing Capebility 1754 % 131 3
Radio Altlmeter & [
ATC Transponder 47 iz
Weather Radar 169 [
Flight Recardecs 82 22
Flight Interphonc 10 18
[nstrument Comparison/Warning 22 4
Additional Avienics 44 17
Afr Conditionting 170 161
Dxypen Svatem 51 30
Hydraulica System 9 16
Electrical Syatem 10 9
Fuel System 11 11
Engines 23 22
Additional Mechenical Items
I A T
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TABLE 12,

APPROACH /LAND CAPABILITY (REFAIR 10 CAT III AT ALL STOPS).
STATISTICS FOR 5000 DAYS WITH 3 ROUND TRIPS PER DAY, TOTALING 39280.4 FLIGHT HOURS

RESULTS OF SIMULATING OF AIR CALIFORNIA OPERATIONS WITH CATEGORY III

e m——— —— = _..—-—_—__———Iﬁr___q—"“___
¥umber of Seandard Mak imum Minimum Conacraint Humber Constraint | Nuzmber
Ssmples Mean Deviation Yalue Value Haz Laum Greater Hinioum Teae
Equipment Repair Time {(min) 2206 51.2 58.3 358.4 4,2 -30.0 Y 0.0 177
Fuel Losdlog Time (min) 29403 ic.B a2 15.0 5.1 10.0 19740 5.0 1]
Equipment Repailr Delay (min) 1442 3,7 28,0 t24,1 ] 30.0 . 807 10,0 37
Fuel Load{ng Telay (min) 0 0.0 0,0 0.0 0.0
Cargo Loeding Dalay (min) 210 .7 K 3.5 .0 5.0 ° 1.0 15%
Passenger Loading Detay {nin) 312% 2.2 N 13.0 .0 . 5.0 295 1.0 1087
Fuel Loaded (1b) 29608 11664,6 £366.4 20000.0 102.2
Inicial Fuel Load {1b} 73029 1680a,2 3254.4 20000.0 10904.1
Taftial Takeoff Welght (ib) 73829 96267 .8 3254.,4 9529%.6 90203.7
Gate Daparrure Delay [mimd 18346 12.2 20,0 214,13 . 1.0 15.0 3357 3.0 5252
Takeof€ Hold Time {(win) 46427 2.0 2,0 7.% ol 10.0 30 3.0 41328
Takeoff Deley (mim) 73829 3.0 |, 1L.5 213.2 =2.2 10.0 3456 0.0 19636
Weather Delay on Takeaff (min) 0 0.0 0.0 0.0 0.0 60.0 Q T LB [}
Veather Dolay Landing (min) 1 1517 0.0 1517 151.1 60,0 1 1.0 9
Landing Hold Time (min) 45916 2.0 1.9 22,7 . 10.0 259 5.0 42210
Tata} Flight Time (min) 73822 3.5 20,3 161.5 9.8
Landing Time Delay {min) 73822 5.2 11.7 214.8 8,7 30.0 ms 5.0 51147
Cate Arclval Delay (min) 713822 5.5 11.7 214.2 -8,1 15.0 4477 1.0 15751
Fuel Conaumed (1t} 73822 3525,3 | 2215.9 13863.0 1219.4
Fuel Remgining (1h) 73822 13383,2 4360.5 18762.0 3185,6
Event Oceurrencas Event Occurrences toeduare Item ¥ailed | Repaired
iisrdware Fallure 2528 VFR Weacher at Takeoff &8040 Fiight Direecor System 12 11
Hardware ltems Repaired 2232 Cat 1 Weother ar Takeoff 4714 Fiight Conreal{P{tch/Roll/Yew} 276 266
Cenerlled Mue to Tong Repely 149 Cst IT Weather at Takeeff 251 Speed Contro) System &5 - 43 77
Gate Departure 73829 Cat TIT Weather st Takeoff 184 Urimary Compases Syatem 6 67
Dispatch withiu 1% Minutes 70472 YFR Wearher on Approach 68222 Backup Compade Hystem 0 18
Scheduled Flight Time Exceeded| 55355 Cat I Weather om Approach 4673 Acgitude Reference . 56 35
Blvert to Alternate Afrpore T Cat 11 Westher on Appreach 261 Alr Bata Computer System 19 16
LS Failore 1 Cat 111 Weather on Approach 673*7 tAluimeter 24 23
Hold for Takeoff Clesrsnce 46427 Cat 111 Takeoif Capablllty 73829 jhlrspeed H] 5
Hold {or Landing Clearance 45916 Ccat Tl Takeoff Capablliity /] Primary Communicationg 7% 68
Low Fuel Priocitv Landing a Cat 1 Takepff Capabllity o VIF KAV Recciver 152 145
Altornate Tabheof( Runway Uned 7770 Gat 111 Landing Capabiiity 73063 Rackup Hadio WAV 56 ]
Alternate Landing Rusway Used 7756 Cag 11 Landing Capability 577 Marker Bcacon Receiver 12 0
Cancelled Due to Weather [ Cat T Landlog Capability 49 e 156 135
Radio Altimeter -] 8%
AT Transponder a7 33
Wegther Radar 126 0
Flight Recorders 63 51
Fligh? Tnterphone 8 8
tnstrument omparlison/Karning 31 0
Addittonal Awionies 33 31
Ar Conditioning 158 192
theypen Sysicm 56 55
flydraulics System 43 %]
tileceriesl Syatem 7 7
Fuel System [ [
Engineg 35 31
. "‘9{"_1_39_',‘2}_ Mechanicsl ltems 873 800
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TABLE 13,

RESULTS OF SIMULATION OF AIR CALIFORNIA OPERATIONS WITH CATEGORY III

APPROACH/LAND CAPABILITY (REFATR T0 CAT III AT SNA).

STATISTICS FOR 5000 DAYS

WITH 3 ROUND TRIFS FER DAY, TOTALING 39334.2 FLIGHT HOURS

—— — —— — __._...._._.’_..._.._'
Suaber of EBtandard Hax (o Hinious Consteaint Nymber Consrraint | Nuzber
Samples Hean Deviation Vatue Value Mz lmun Crester Hinlwom Less
Equipmant Hepair Time (min) 110% 51,9 5%.4 3984 4.1 0.0 1132 10,0 168
Fuel Losding Tioe (min) 29611 10.8 3.2 15,0 5.1 10.0 19743 5.0 Q
Equipment Repaic Delay (min) 1290 30,6 7.5 126,8 .0 3.0 &54 10,0 i
Fuel Logding Delay (min) 1] 0.0 o.0 0.0 0.0
Cargo loading Delay (min) 225 7 N 3.5 N 5.0 ¢ 1.0 176
Passtnger Loading Delay (min) . 2.3 2.0 13.0 0 , o khLJ 1.0 1036
Fuel Toaded (1B} 9611 11671.9 6363.9 21000.0 108,6
Inltial Fuel Load {1b) =« 73891 16905,9 3255.4 20000, | 10902.7
Toiv{al Takeofl Waighe {ib) 7389 962055 3255.4 #209,6 | 50203,3
Gate Departurs Velsy (min} 18272 11.8 19.8 .6, 1.0 15.0 3110 5.0 9458
Takeoff Hold Time (min) 45618 2.0 2.0 24,0 o4 10.0 346 5.0 42684
Takeoff Delay {min) 73889 2.8], L3 210,0 -2,2 10.0 3189 0.0 39968
weacher Delay on Takeoff (min) 15 53.7 33.8 108.4 12.6 60.0 & 1,0 a
Veather belay Landing (min) 9 56.0 43,9 135.3 12.4 0.0 5 1.0 o
Landing 1e)d Time (min) 46124 2.0 L4 23.6 - 16,0 32 5.0 42429
Toral Filght Tios {win) © 73830 3.9 20.3 145,0 9.8 ’
Landing Time Delay (min} 73880 5.1 11.6 207.6 -8.2 30,0 2032 2.0 51526
Gate Arrival Dolay (amla) 73880 5.4 11.6 207.4 7.7 15.0 4278 1.0 19915
Eyel Consumed (1b) 73530 2526.2 2216.2 12493,1 i 1219.4
Fuel Remgining (1b) 73880 13379.9 4561.8 13161,9 3185.8
Fuvent Becurrenzas Event Nccurrences Hacdware Ttem Fatled | Repsired
Harduare Fallure 2417 . VFR Weather at Takeoff 68086 Flipht Director Systewm . 10 B
Herdware Ttems Repaired 2150 Cat 1 Weather st Tokeof[ 4767 Flight Control(PLieh/Roll/Yaw) 268 230
Cancelled Due to Loog Repair 133 cet 11 Wenther at Takeoll 262 Speed Contrel System 42 37
Cate BDoparture 79889 Cat ITT Weasther at Takeoft 76 Primacy Compass System 13 L1
Dsparch Within 15 Minutes 70779 VFR Weather on Approach 68219 RBackup Combass Syscem 20 19
Scneduled FlSpht Time Exceeded (1153 Cat 1 Wearher on Approach 750 AMitiuie Refureace . 67 62
Divert to Alternate Alrport [ Car IT Weather on Approach 263 Alr Nata Copputér System 24 19
ILS Failure 6R Cat 111 Weacher on Approach 677 Altimceer 25 24
tinld for Takeofl Clearance 466148 Cat I11 Takeoff{ Capabillcy 73152 | Alrapeed 7 7
Fold for Tending Cledrance 46124 Cat 11 Taheaff Capabilicty 600 4 Primary Cammunications T4 2
Tew Fuel Priority Landing o Cet I Takeoff Capabifity 3 VIIF BAY Receiver 155 138
Alternate Takesff Bunway Used 7736 Cat TIT Landing Copabiliry 12507 Bachup Redlo MNAV 45 0
Alternate landing Runvay Uged 723 Cat I1 Landing Capabilicy 1269 Marker Reacon Recelver 18 o
Cancelled Ine to Keather F Cat 1 Landing Capahitity 75 ik 141 124
Radio Alt{meter Bl 75
AT Tranepander 38 s
Weagher Rudar 119 4
Flight HRecordern 71 &4
Flight luterphone 4 k]
. Inetrument Comparison/warning 31 29
Additional Avionica L5 L2
ALr Condicioning 180 176
(eypen Syster 52 51
Uydraulles System 33 i1
Eleciricsl System & é
. Furl System & [
- Englnes 33 29
Addicrlonal Mechanical Items _B13 796
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TABLE 14.

RESULTS OF SIMULATION OF AIR CALIFORNIA OFERATIONS WITH CATEGORY ITI

APPROACH/LARD CAPABILITY (REPAIR TO CAT III AT SNA. AVIONICS MTEUR's
DOUBLED) .

STATISTICS FOR 5000 DAYS WITH 3 ROUND TRIPS PER DAY, TOTALING 39394.0 FLIGHT HOURS

A — et e o e e e
Kumber of Standard Haxlmum Hinioun Constraint Number Constralat | Humber
Samples Hean Deyiation Value Value Max Lmum Crestor Hioloum Leno
Equiprent Repeir Time (min} 1601 52.4 65.6 411.5 5.0 30,0 799 10,0 132
Forl Loading Ttae (win) 2973% 10.8 L2 15.0 L1 0.0 19323 5.0 o
Equipzent Repair Delay (min} a7} 29.9 2.7 124.9 N 0.0 335 18,0 %0
Fuel Leoading Delay {min) [+] 0,0 (18] 0.0 0.0
Cargo loading Delay (min) 232 b .6 3.5 L 5.0 o 1.0 188
Fasgenger Losding Delay {min) 62 2,2 2.5 12.0 0 . 5.0 325 1.0 1047
Fuel Loaded (1b) 29734 11641,5 6363,9 20000,0 1036
Initial Fuel Lagd (ib) 74065 16915.6 3251.9 20000.¢ 10903,1 M
intcial Takeoff Weight {1b) 74065 $6215.2 32519 99299,.4 90202.7
Cate Departure Delay (min} 17331 9.7 16.2 154 ,6 . 1.0 15.0 2291 - 3.0 9524
Takealf Hold Time (min) 48632 2.0 - 2,0 27,0 e 10,0 ‘323 5.0 42624
Takeof! Delay {min) T4D6S 2.2 . 9,1 158,3 =2,2 10.¢ 4198 0.0 40640
Veather Delay on Takeoff {(min) 21 43,9 7.4 B2.% e 60,0 7 1,4 H
Weather Delay Landing (min) 4 78,0 3.6 11.5 27,0 60,0 3 1,0 0
Landing 10ld Time (min) 46078 1.9 1.3 22,7 o4 10.0 w 3.0 42484
Totsl Flight Tioe {oin) 74057 TR 20,3 121.3 9,8
Landing Time Delay {mia) 14057 [ 2.5 161,48 =8.7 30,0 1508 5.0 52491
Cote Arglval Detay (min} 74057 4.7 9 162,5 =8.1 15,0 3325 1.0 10404
Fuel Consumed {1b) 74057 A523,8 2215.1 110504 1219.3
Fuel Remaining (1B} 74057 133%1,7 4557,0 18761.% 3185.6
Fveat O¢currencen Event Qecur CENCES Hardware 1tem Failed | Repaired
llardware Fallure i34 YFE Weather at Tekzolf 68203 Flight Direcrar Sydtem . L3 [3
Hardwsre Trems Repaired 1618 Cat T wWeather at Tekeoff 4825 Fiight Control{Pitcn/RollfYaw) 129 < 12 T
Cancelled iwme ta Long Repalr 122 Cit 1T Weather at Takeof¥ 259 Epeed Control System 27 20
Gate Departure 76065 Cat 111 Weathor at Tekeoff 718 Frimary Compass System 9 26
Dispatch Within 15 Hinures 11174 VFR Westher oo Approact 68351 Packup Compass fygstem 11 10
Sihadyled Flight Time Excaeded 55506 £at T Westher en Appresch 4763 Attitude Reference . 29 25
Dlvert to Alternate Alrport a Cat i1 Heather on Approach 282 Afr Pats Computer Syelem 11 9
ILS Fatlure 83 Cat II1 Weather on Approach 659 Altimeter 10 1t
f#pld for Takeoff Clearsnce 46632 Cat 11 Takeoff Capadility 73741 Alrepeed 2 2
Hsld for londing Clearance 46078 Cat 1l Takeoff Capabilitcy 298 Primary Communications 23 25
Low Fuel Priccity Landiag o Cat 1 Takealf Capanility % WIIF AV Receiver 73 61
Alte.nace Taheoll BRunuvay Used 1787 Cat 111 Landlng Cupabiiity 73370 Backup Radio HAY a [}
Altecoate Tending Runway Used 7838 Cat I1 Landing Capability 619 Harker Begcon Recelver 15 1]
Cenculled Dus to Weather [ Cat T Tanding Capabiilty 58 DME 65 60
. adio Altimeter 44 4 |
ATL Travsponder 18 14
Weather Radar 52 1)
Fiighy Recorders 38 a2
Fifght Taterphone 1 1
Tnatcument Tomperlsen/Waraing 13 11
Additional Avipnica 47 43
Adr Conditioning 194 183
Oxypen Sysiem 62 5%
Hydrauiics System 29 15
Electrical System B [
Fuel Syslem S 3
Engines 14 10
R Additional Mechanical 1tems B46 a8
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TABLE 15,

RESULTS OF SIMULATION OF AIR CALIFORNIA OPERATIONS WITH CATEGORY ITI

APPROACH/LAND CAPARILITY (REPAIR TO CAT IIT AT SHA ONLY WHEN IFR ANEAD),

STATISTICS FOR 5000 DAYS WITH 3 ROUND TRIFS PER DAY, TOTALING 39236.4 FLIGHT HOURS

T S T I e e

= — ——
Humber of Scandsrd Haxienys | Minimum Consryaiot Husher Connpcraint [ Nuamber
Saoplea Hean Devistion Value Vo lue Max iowa Graster Hinlmuw Lesu
Equipeent Repair Time (min) 1303 4.5 69.2 397.9 4.0 34,0 766 10,0 107
Fuel Losding Tioe (min) 30017 10,7 2 15.0 5.1 10,0 19201 5.0 4
Equipnent Repatr belay {ain) 9656 8.8 26,2 126.8 0 30.0 | 39 10.0 o
Fuel Loading Delay (min) o 0.0 0.0 0.0 0.0
Carge Losding Delay {nin} 222 .7 o7 3.5 ] 5.0 . o 1.0 170
Passenger loading Delay (min}) ke k] 2.2 2.0 13.0 0 c, 5.0 305 1.0 1055
Fuel Loaded (1b) 0017 11487.3 6363.0 1400.0 103, 6
inlciel Fuel Lesd (Jb) 73135 16960.1 32364 23000.0 10903,7
Inteial Tekeoff Welght (1b) 737139 96259.7 A236.4 93299.6 90203.2 .
Gate Departure Delay (min) 17428 10.6 18,8 by & AU M 15,0 2467 5.0 9371
Takepff Hold Time (min) 46424 2.0 2.0 21.% 4 16.0 316 5.0 42607
Takeofl Delay (min) 73698 2 10,5 3.1 «2,2 10,0 4472 0.0 40294
Lescher Delay an Takeoff (nin) 158 45,7 3.5 119.8 «1 60,0 31 1.0 3
Weather Delay Landiag (min} 15 52,2 25.7 91.1 11.0 60.0 [} 1.0 0
landing Hold Time (min) 45876 1.0 1.9 3.0 & 10,0 3oz 5.0 42163
Total Flight Time {umin) 7S 31,9 20,3 139.3 9.8
Larding Time Delay {min) 73658 4,7 10,8 313,2 ~B,2 30,0 1591 5.0 51983
Gate Arrival Delay (min} 73688 4,9 10.7 3.9 =1.7 15.0 15716 L0 20036
Fuel Congumed (1B} 73688 3527,0. 2216.0 13120,2 1219.4
Fuel Remyining (1b) 73688 13622,6 4530.9 18762.0 3326.4
Event Qecurreneny Event Oceurrence s I!ard;nre Teem Faliled Repaired
Rarvdware Fallure 246 VFR Weather at TakeofE 62925 Flight Director Sydtem iz 3
Hardware Tteme Repalred 1534 Cat T Weather at Takeoff 4811 Flight Control(Fitch/Roll/Yaw) . 266 &80
Tancetled bme Lo Long Repatr 125 Cat 1T ¥eather mt Takeoft 241 Speed Contrel System 47 12
Cate Lepavture 73698 Cat 11T Wegther at Takeoff 158 Prinary Compans Syetem 59 56
Dlepstch Within 1% Minuces 71831 VFR Weacher on Approach 68041 Backup Compass Hyatem 19 ?
fcheduled Fltght Time Exceeded 552646 Cac 1 Weather oo Approsch 4816 Artltude Refcrence . b4 21
Dlvert to Alternate Airpore 10 Car II Weather on Approach 226 Ale Deta Computer Syetam 23 8
IS Failure 71 Cat LIT Woather on Approach 61% Altimeter 25 1@
Hold for Takeaf[ Claarsnce 46424 Cat I1I Takeoff Capabilfity 0240 Alrcapeed 12 12
Hold for Landing Clearance 45876 Cat 11 Takeoff Capabilicy 3224 Primary Commuaicaticns 68 54
Low Fuel Priority Landing 4] Cat 1T Takeofl Capahility 234 VIIF KAV Recelver 147 45
Altarnate Takeoff Runway ged 7643 Cat 11! Lendiug Capabllity 68526 Backup Radic MAV 50 [+]
Alteraate landing Runvay Used 1631 Cat I1 Landing Capabilicy 3856 Mar¥er Besacon Receiver 12 D_
Cancelled [ne 10 Veather krs Cat 1 lLanding Capabilicy 281 e 137 %7
. Radio Altimeter 6% 32
ATC Traneponder 31 10
Weather Radar 128 ]
Tlight Recorders 70 20
Flight Tnterphone - B 7
Tuatrument Comparison/Warning 33 12
Adiifenal Avionlcs % 13
Afr Conditionlng 181 119
. Oxypen Syatem 143 &4
; liydraulica System a5 15
Flectrical System ? 7
Fuel Syscem - 2 1
Engloes 30 26
D . o 1 el Mﬂuona_l Machanteal Items B21 185
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TABLE 16.

RESULTS OF SIMULATION OF AIR CALIYORNYA OPERATIONS WITH CATEGORY 11l

APPROACH/LAND CAPABILITY (REPAIR T0 CAT III AT SNA ONLY WHEN IFR AHEAD,
AVIONICS MTBUR's DOUBLED),
STATISTICS FOR 5000 DAYS WITH 3 ROUND TRIPS PER DAY, TOTALING 39181.4 FLIGHT HOURS

- . — S S S
— — —— = —_—
Fumbet of Standard Hax taum HMinimum Constreint Numbar ConsLraint | Number
Samplee Mean Devistion Value value Hax tmum Gredter Yinimun lese
Taviprent Repalr Time (min) 1315 59.6 76,5 463,3 5.0 30.0 682 10,0 78
Fuel Toading Time (nin) 29892 10.8 3,2 13.0 5,1 10.0 _19350 5.0 [
Bquipment Repalr Delsy {nin) B4l 30.3 27.3 124,686 ] 30.0 . 33 10.0 205
Fuel Loading Delsy {min) 0 0.0 0.0 0.0 0.0
Cargo Loading belay (min} 226 o7 .6 3.5 Ry 5.0 /] 1.0 172
Passenger Losding Delay {(min} 3027 2.2 2.0 13.3 0 , 5.0 288 1.0 1023
Fuel loaded (1b) | 20692 11531,5 6366.7 20000.0 102,2
Tnitial Fuel Load (1b}) 73633 16949.8 3239,7 20000.9 10804,1
Tadtial Takeof{ Weight (1b) 73633 ° 96265.4 3239.7 n92go.6 90203,7 -
Gare Departure Delay (min) 16922 9.7 17.2 1%8.0 R 1,0 15,0 2127 5,0 9426
Takeoff Hold Time {min) - 46556 2.0 2,0 21,9 o 10.0 33 5.0 42455
Takeoff Delay (min) 73595 1.2 |, 9.6 194.6 2,2 10.0 4064 0.0 40533
Meathar Detay on Takeoff (win) 115 44,1 32,7 116.5 R 80,0 35 1.0 H
weather Delay Landing fmin) ) 61,8 41.5 152.3 20,6 60.0 3 1.0 0
Landing Held Time (min) 45896 2.0 1.9 22.7 o4 10.0 285 5.0 42260
Total Flight Tive {zin) 73587 .z 20,3 ° 173.5 5.8
Lacding Tise Delay (min} 358 L) 9.9 202,8 -B,2 .0 1%5 5.0 52289
Gatw Avrival Delay {min) 73587 4.7 2.3 20%,.8 =7.7 15.0 Ag? 1.0 20141
Futl Consuned (1b) 73587 521,12, 2216.5 14860,0 1219.3
Fuel Remaining (1b) 73587 13422,1 4536,4 16762.0 3497.9
Event Cccurrences ‘Fvent Occurrences Hardware Item Failled | Repaired
Hardvare Fatiure 1867 - VFR Weather at Takeoff 67853 Fiight Ditector System . ] 13
Harduare Ttems Repaived 1344 Cat 1 Weather at Takeoff 4748 Flight Centrol(Piteh/Holl/Yaw) . 143 50
Canceiled e 1o long Repeir 141 Cat 1T Weather at Takeoff 248 Speed Control System 21 10
Gate Departure 73598 Cat III VWearher ar Takeoff 736 Primary Compase System 28 ~28
Uispatch Within 15 Minutes 71468 VFR Weather on Approach 67995 Mackup Compass Bystem 8 3
Siheduled Flight Time Exceaded] 55274 Cat [ Weacher on Approgch 4726 Attilude Refuremce f kA 7
Ulvert to Alternaie Alrporc B Cat 11 Weather on dpproach 246 Alr Data Computcr Syscem 1¢ 4
ILS Feilure 67 Cat 171 Weather on Approach 528 Alrimeter 13 5
Hold for Tekeolf Clearance 48556 cat 111 Takeoff Capabflicy 71763 Afrgpeed 4L -4
Hold for Tanding Cleardnce 45896 Cat 11 Takeoff Capability 1650 ° Primary Communicatlone 36 s
tow Fuel Prioricv Lending o Car t Takeoff Capabllicy 130 VIF NAY Recelves 82 25
Alternate Tabeoff Runwsy Used 7685 Cat 11T landing Capability 71352 Backup Radio KAV 27 ]
Altecnate landing Ronuay Used 7716 Cat 11 landing Capabilicy 1995 Mat ker Beacon Recelver g 1]
Cancelled e to Weather 38 Cer I landing Capability 216 518 57 15
Radio Altimeter 55 23
ATU Transponder 21 10
Weather Rodor 52 1]
Flight Hecorders 29 6
Fligh interphone 6 &
Instrument Compsrison/Warning 20 &
Additional Avioolics 46 1%
Alr Cenditloning 183 131
Dwypen Syatem 63 59
tlydranlics Syatem 33 15
Electricel System B ?
Fuel Systenm 7 6
. knginge 22 20
' Add(tionsl Muchanlcel Trewms 838 804 J
e - —r—— —



does serve to show how increased welght can affect fuel savings gained
by not having to hold in-flight for weather. It should alsc be noted
that in-flight holding was minimized under Category I and II conditions
by holding on the ground until weather minimums at the next airport were
acceptable. Holding for weather occurred then only if the conditions
changed en route,

In the simulation, it was assumed that if a given weather category
existed and the aireraft was capable of accomnodating that conditionm,
then a landing occurred on the first attempt. However, there is evidence
that under Category II conditions, a significant number of go-arounds
oceur. This is probably due to rapidly changing conditions and to a
Pilot's inclination to be sure of a good landing before proceeding. It
would be expected that under Category IIIb conditions, where a pilot
would not be required to obtain a runway visual contact, that the number
of these go~arounds would be significantly reduced. Thus, the improve-
ments in performance for Category II are very likely not as great, in
reality, as shown in Table 10,

It canm be concluded from Table 10 that increased adverse weather
landing and take-off capabilities improve scheduled performance., This
improvement, however, can be largely offset by increased maintenance costs
if some means is not found to improve the maintenance requirements for the
more complex avionics equipment.

Schedule Changes.-The recent airline schedule cutbacks due to fuel
shortages have led to a strong emphasis on methods of optimizing limited
flight schedules. Two computer runs were made to determine what all
would change in response to schedule changes. 1In both cases, the three
last flight legs (20 percent of the flights) were eliminated. Then, in
one case (Table 17), the block time for each flight leg was increased by 5
minutes. This Increased the flight day by 1 hour. In the second case
(Table 18) all gate stops less than 20 minutes were increased to 20 minutes.
This increased the flight day by 65 minutes. Table 19 summarizes pertinent
data from the two cases. About the only real conclusion that can be drawn
is that schedule reliability is slightly better when the minimum gate time
is restricted to 20 minutes. Other differences are so small that they can
very likely be attributed to Monte Carlo variations.
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TABLE 17,

RESULTS OF SIMULATION OF AIR CALTIFORNIA OPERATIONS (THREE FLIGHT LEGS

DELETED AND ALL BLOCK TIMES INCREASED BY 5 MINUTES).
STATISTICS FOR 5000 DAYS WITH 3 ROUND TRIPS PER DAY, TOTALING 31822.0 FLIGHT HOURS

e —r—
————

——— = = —_———— ————————————
Kumbey of Scandard May Lowien Hindmum Censtraint Numbe r Constrolat Humber
Samples Mezan Deviation Vislue Value Maximam Grester Minimua Lesn
Equiprment Kepair Ttme (min) 13132 50.5 £4.2 76,3 bt 36,0 (11 10,0 15
Fuel Loading Time (min) 26410 10,2 3.3 5.0 |- 5.1 10.0 13074 5.0 o
Equigment Repair Dulay {min) B51 29.0 .1 122,86 | .0 30,8 300 10,0 241
Fugl Lasding Delay (min) 1 .3 0,0 W3 .3
Cargo Loading Delay (win) 114 .6 .5 2.4 +a 5.9 0 1.0 83
Pagdenger Loading Pelay {min) 2252 2.2 2.0 16,1 o0 , 5o 209 1.0 798
Fuel Loaded {1k} 26410 10317.9 6640.8 20000,0 101,9
Tofeial Fuel load {1b} . 58125 I7261.5 30533 20¢100.0 5764.3
Initial Takeoff Welght (1) 56125 ' 94527 .4 3053.3 97265.9 83030.2
Gate Departure Delay (min) 7139 21.9 9.7 261.8 1,0 15,0 2941 5.0 3097
Takeo{f Hald Time {(min) 39670 2.2 2.1 30.0 L ah - 10,0 403 5.4 33757
Takgoff Delsy (min) 57945 3.6 . 13.3 161,60 2,2 16,0 3816 D;Q 33050
Weather Delay on Takeoff (min) 632 43.1 .y 119.0 a0 60,0 182 1.0 11
Weather Delay Landing (wia) 157 41.0 8.0 158.7 «3 60,0 46 L0 2
Landing Hold Time {ain) 37000 2.1 2.0 21.9 M 10,0 299 5,0 © 33581
Tota) Fiight Time (min) 57947 32,9 19.7 180.2 9.8 .
Lacding Tise Delay (min} 57047 & 13.9 2532 “12,4 0.0 1893 5.0 51898
Cure Actival Belsy (min) 57947 6 13.9 253.9 =11.8 15,0 2895 1.0 44025
fuel Consumed (1b) 57947 3603,7 . 2132,0 | 156%7.8 1212.9 ’
Fuel Rewaining (ib) 575947 135651.4 397s5.8 18767.9% 3104 *
N . .
fvent ficcurrences Event Occurrences llardware Trten Falled Repatved
Hardvare Failure 1761 - VFR Weather ot Takeoff 54164 Fiight Direcror System [3 Q
Hardvare Items Repalred 1389 Cat I Weather at Takeoff 3774  « |Flight Control{Pitch/Rell/Yau) 13 o
Catcelled Due to Long Repatir ag Cat 17 Weather at Takeoff 45 Specd Control Sypiem 14 a
Late Tepariure 57083 Cat TI1 Weathar at Takeoff 142 Primary Campass System 52 - 30
llspatch Within 15 Minutes 55044 VFR Weather on Approach 54084 Hackup Compass System 13 11
Scheduled Filght Time Exceeded B352 Cat 1 Wuather oo Approach 3715 Articude Relerence . 52 4B
Divert Lo Alternate Alrport k+] Cat 11 Weather on Approach 45 Air Dala Computer Syetem 13 11
ILS Failyre 53 Cat II1 Westher on Appraich 141 {Alcimerer 20 17
Hold for Takeofl Clesrance 39670 Cat T1% Tekeofi Capahllily 0 Alrspeed 7 7
Hold for Tending Clearance 37000 Cat 11 Takenff Capabillty v} Primary Communleations &1 40
Low Fuwel Priority Landing Q Gat | Takeol{ Capabiliry 57985 ViF NAV Recelver B4 71
Altecnate Takeofli Runway leed 66136 Cat 111 Lending Capabiliiy 0 Hackup Radlo NAV 54 1]
Alternare Landing Hunway Used 6598 Car I1 tanding Capablllzy 1} Harker Leacon HRecelver ] [+]
Cancelled Pue o Keacher 140 Cat I Landilng Capabfility 57539 MG 132 109
Redio Altimeter 3 0
ATC Transpondec 34 0
Weather Radar 87 [+] -
Flight Recerders A7 . L
Flight Taterphone s 5
fustramet <omparlean/Warning 11 a
Additional Avionfca S0 41
Ate Conditfoning 164 155
feypen System 39 35
ltydraulica Syerem 2 20
Electrical System ? &
Fuel Syatem 10 3
FagInes 21 19
R Addiriona]l Hechanlcal Trems 703 667




Ly

TABLE 18,

RESULTS OF SIMULATION OF AIR CALIFORRIA OPERATIONS (THREE FLIGHT LEGS

DELETED AND ALL GATE TIME LESS THAN 20 MINUTES INCREASED TO 20 MINUTES),
STATISTICS FOR 5000 DAYS WITH 3 ROUND TRIES PER DAY, TOTALING 31757.7 PLIGHT HOURS

e i
e — ————e ———
Sumber of - Standard Hax imry Klatimum Conacratnt Humber Constraint | Number
Samples Musn Deviation Value Value Moy Loy Creater Minimun Lese
Tquipment Repalr Time (min} 1373 50.4 54,9 97,3 £.3 30,0 893 0.0 T35
Fuel Loading Time {min) 26421 10,2 3.3 15,0 51 10,0 13616 5.0 1]
Equipeent Repatr Delay (mim) 745 3.t 28,8 123.6 0 30,0 . 281 10.0 194
Fuel Looding Nelay {uin) (13 0,0 2.0 2.0 2,0
Cargo Loading Delay {min) [1] 0.0 t.0 0.0 a.a 5.0 ] L0 4}
Passenger Losdlng Delay (mind 662 1.% 1,8 13,2 .0 L, 3.0 40 1.0- 53
Fuel Loaded {1b} s 26421 10302.8 6636.0 20000,0 100,0 :
Initis} Fuel Load {1b) $2015 17267.5 3051,7 20000,0 6868,1
Inteis) Takeof! welght (1%) 58015 943334 0517 97265.9 | 84134.0
Cate Leparture Delsy (mln) 5336 29.3 31.% 251.8 1.0 15.0 2856 5.0 1453
Takeoff Hold Time (min) 39419 2.2 2,2 26.0 N 10,0 430 5.0 35386
Takeoff Baley (min} 57862 2,8 |, 13.0 251.0 =2,2 10.0 3523 0.0 13966
Weather Delay on Takeoff (uln) 660 41,2 b1 119.6 W1 80,0 177 1.0 8
Veathvr Delay Landing (min) 154 46,7 a8 160, 7 .2 60.0 3 1.0 1
Landicg Hold Time (atn) 36939 2.1 2.0 g & 10,0 315 3.0 35
Total Flight Tize (mia) 57834 az.9 19.7 177.8 9.8
Landing Time Delay {min} 51824 3.2 13.6 248.2 «7.1 30,0 2160 5.0 42128
Gate Arrival Delay (min) 1434 5.4 13,5 48,9 -6.7 15,0 3307 1.0 19432
Fuel Consumed (1b) 57334 3604.3 1  2131,7 15380,2 | 1212.8
Fuel Remsining {1b)} 37834 13656.9 3971.8 18768,3 3609,1
Event Gccurrences ‘Event Decurrences Mardvare Trem Failed | Repaired
llardwate Fa§lure 1810 VFR Weather at ‘lakeoff 53912 Flight Director System 8 [1]
Harduare Tiems Repaired 3353 Cet 1 Veather at Takeoff 3550 Flight Control(Pitch/Rell/Yeu) &0 1]
Cancelled Mue te Long Repair 88 Cst 11 Weather at Takeoft 54 Speed Conrrol System 14 ., 0
Gate Departure 57867 Tat 111 Henther at Takeoff 155 Primary Compaws System 45 42
Dlupatch Within 15 Minuies 55011 VIR Weather on Approsch 53825 Backup Compass Byntem 13 11
$cneduled Flight Time [xceeded 44353 Cat I Weather on Approsch 30861 Artituwde Reference . 62 49
Divert to Altcrnate Alrpore I3 Cat II Weather on Approach 56 Alr Dates Computer System 22 19
TES Fatlure 54 Cat 171 Weather on Approsch 125 ° |Altimecer 25 20
Hold for Takeolf Clearance 9418 Car T1T1 Takeo{f Capabllisry o . Alrapeed 7 I
lold for Landing Clearance 36939 Cat 1§ Takeoff Capabil)ry [} Primary Communications L4 40
Low Fued Prioritv Landing o Cat 1 Takeoff Capabilicy 57867 VIHF HAV Recelver 73 52
Altarnate Takiofi Runvay Leed 6530 Cat 111 Landing Capsbility N Rackup Radio NAV &5 0
Alternate Landing Runvaey Used $572 Cat IT Landing Capability ¢ Msrker Beacon Recelver 1% [}
Cancelled Due Lo Westher 148 Cat i Landing Capability 57826 e 135 110
Radio Alrimerer 10 0
ATC Transponder 3 27
Yeather Radar 90 1]
Flight Recorders ¥ 36
Flight lnterplone 4 4
Tnetrument Camparison/Warning 16 ¢
Additfong]l Aviontes 54 43
Air Conditloniag 162 150
Oxygen Syscem i3 41
Hydraulice System 16 1%
Electrical Syscem & s
Fuc) Syatrm 10 10
Fnglnos 21 17
. Ai‘if_‘i‘_’“,‘_"_“?ch.n,"“l [tems 193 £26




TABLE 19, SUMMARY OF TWO SIMULATIONS WITH
DIFFERENT SCHEDULE EXTENSTONS

+5 Minute Minimum
Increased 20 Minute
Block Time Gate Stop
Dispatch Reliability 94.94 95.08
Departure Delays 1-5 min (%) 5.33 2,51
5=15 min (%) 2,93 1.80
>15 min (%) 5.06 4,92
Number of Items Failed 1761 1810
Number of Daytime Repairs a8s 1353
Repair Delay (%) 1,46 1.28
Weather Delay - Takeoff (%) 1,09 1.14
= Landiung (%) 27 «26
Mean Fuel per Leg (1b) 3603.7 3604.3
Cancel for Long Repair 90 88
Cancel for Weather 140 148
Divert to Alternate Airport 38 33

e e ey,
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EXAMINATION OF MLS COVERAGE
REQUIREMENTS FOR STOL OPERATIONS

The purpose of this analysis was to examine the-suitability of the
proposed microwave landing system (MLS) coverage for future STOL oper-
ations. The RTCA subcommittee 117, in defining the proposed MLS,
identified several configurations with varying coverage, accuracy and
data rates allowing individual airports to select the most cost effec-
tive configuration. Coverage ranges from +20° to #60° in azimuth and
from 8° to 20° in elevation., This wide angle coverage will allow
precisely controlled, arbitrary flight paths in the terminal area to
facilitate noise abatement and sequencing and metering. Emphasis in
this report is primarily on azimuth angle coverage requirements. A
precise evaluation of coverage requirements is impossible at this time
because the requirements are so dependent on future ATC procedures,
quality of new navigation and surveillance systems, airport configura-
tions and progress in achieving quiet engimes., This report identifies
the major factors influencing coverage and draws some tentative
conclusions based on the projected STOL operational environment.

Factors Influencing Coverage

The increased azimuth and vertical coverage proposed for the MLS
should provide at least two major benefits.

(1) Arbitrary lateral paths (within the ML3 coverage) can be
flown precisely, allowing aircraft to be directed over noise
insensitive areas. TIn addition the greater vertical
coverage will allow steeper approaches reducing noise
footprints,

(2) Metering and sequencing can be greatly facilitated if
all aireraft do not have to fly along the extended
runway centerline for 2 major portion of the approach.
If, instead, some of the airecraft can join the common
path as close as practical to the runway threshold,
then the adverse effect of speed difference on capacity
can be minimized. In addition, the quality of the
position information will allow aircraft to adjust
the touchdown time with either time or path control
to maximize runway capacity,
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This report deals primarily with the azimuth requirements for
improved metering and sequencing. It is believed that the azimuth
coverage required to fly noise abatement paths will not generally be
the constraining factor because of the possibility of steep approach
paths and the likely introduction of quieter engines. The most severe
demands on MLS coverage will likely occur at major hub airports equipped
with independent, parallel runways and ARTS III automation enhanced to
include automatic sequencing, spacing, metering and conflict detection.
The effect of independent parallel rumway operations will be to delete
half the available airspace from normal operations for each runway. It
ig this case that is examined in the following sections,

STOL Flight Paths in the Terminal Area

At the high density airports, STOL aircraft will very likely
operate in the airspace closest to the runway. The slower STOL air-
speeds provide shorter turning radii and greater maneuverability within
a limited airspace. In addition, if STOL aircraft can operate closest
to the runway threshold, then total flight times can be minimized when the
landing direction is not the same as the en route approach direction.
This is particularly important for commercial STOL aircraft because of
their economic sensitivity to schedule delays.

Maneuvering Limitations Within MLS Coverage

The maneuvering limitations within the MLS are dependent on the
aircraft bank and bank rate limits and airspeed and the maximum wind
velocity. Appendix B contains a set of plots showing the maneuvering 1limi-
tations for numerous aircraft conditions and for variations in MLS coverage
and common path length., Those plots were generated on the assumption
that the aircraft entered the MLS coverage with wings level and began
the maneuver one second later.

The maneuvers shown in Appendix B are not practical. However, they
do reflect the shortest distance from the MLS azimuth antenna at which an
approach is possible without a go-around. Coupled with the navigation
uncertainty prior to entering the MLS coverage, this information allows
the choice of nominal or desired paths which will have little likelihood
of a go-arocund, That is, nominal paths must be selected to enter the MLS
at a range greater than the minimum maneuvering comnstraint by an amount
sufficient to assure a low probability of a go-around. Thus, the nominal
or desired path might be two to four standard deviations (of the navigation
uncertainty distribution) beyond the minimums indicated., A more complete
degcription and analysis of the plots is given in Appendix B.
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ML8 Coverage Required for Time Adjustment

Precise sequencing and metering will depend on accurate time
control to achieve a maximum safe landing rate. Time assignments will
be given through the air traffic control system. The degree to which
ATC participates in the velocity and/or flight path controls to achieve
the time assignment will depend on:

(1) The aircraft flight control system and navigation
capability

(2) The quality of navigation aids (MLS, VOR/DME, satellite,
- aete,)

(3) The surveillance accuracy
(4) The ATC communication and computational limitations.

At the two extremes, ATC could provide a landing time assignment some-
where in the terminal area and expect the aircraft navigation and
control system to achieve that time without further support (other than
conflict detection). On the other hand, ATC could provide heading and
velocity commands as necessary, In practice, both techniques will
likely be used, with the better equipped aircraft using the former (with
the possibility of preferential treatment as motivation) and lesser
equipped aircraft requiring numerous commands to achieve the desired
result. For aircraft which will control time of arrival using onboard
navigation and control equipment, there must be sufficiently accurate
navigation aids to estimate position and sufficient time to null errors.
The MLS will have sufficient accuracy. The amount of coverage required
will depend on the maximum time errors which must be accommodated. If
time assignments are not given until the aireraft reaches some position fix
within the MLS coverage then as much as one minute of time adjustment
may be required. If, on the other hand, final time assignments are
given earlier in the terminal area, the required time adjustment within
the MLS will be dictated by the combination of state estimate and
control errors outside the MLS region. These errors are discussed
further in later sections of the report.

The purpose of this sectionm is to define the MLS coverage
required as a function of time adjustment. Time of arrival can be
adjusted by modifying the flight path direction or by changing velocity,
Each technique is considered separately,
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Flight Path Control.~ Numerous path stretching techniques have been
postulated, The fan pattern, referred to in several reports and described
in a Collins report(2 , 1s very attractive because of its simplicity and
compatibility with existing procedures, Figure 11 shows a typical pattern.
The longest path available is flown normal to the runway centerline with a
90 degree turn to the final path, The shortest is flown directly to the
common path gate. Variations on this pattern are possible, but they result
in the same time adjustment capability when restricted to 90 degree turns
or less. For purposes of this discussion, the starting fix point must be
somewhere within the MLS coverage. Whether this is an unchanging point in
space or a point adapted to each aircraft's entry to the MLS is not clear.
In any event, the point is effectively a few seconds within the coverage
allowing sufficient time to settle pre-MLS errors and compute the required
pa th °

A typical flight path of the fan family, as shown in Figure 12,
is composed of three segments; approach to the common path, turn, and
flight along the common path. The required geometric and aircraft
variables to compute time and distance are:

¥, cross track position of the initial £ix point,

y, along track distance from the initial fix
point to the common path gate

@, angle between the initial approach and the

common path, {note that this angle can range
from a2 maximum of 90 degrees to a minimum of

-1 P
tan x/y. The lower limit is approximate
since it doesn't account for the distance
needed to turn.)
R, aircraft turn radius,

Vv, aircraft velocity, and

?, aircraft bank angle.
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Initial f£ix point

repregentative
flight paths

common path gate

common path

typical MLS
pattern boundary

runway

MLS azimuth antenna

FIGURE 1l. GEOMETRY OF FLIGHT PATH PATTERN FOR PATH STRETCHING TIME CONTROL
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p—— X f1
Initial
fix point

common path gate

FIGURE 12, REPRESENTATIVE FLIGHT PATH FOR PATH STRETCHING TIME CONTROL
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The turn radius of the aircraft is given by

v2

g tan g

The length of each of the three segments shown in Figure 12 is
1/2

L= [x% + (x/tan)y] - R tan(e/2)
L2 = Ry
L3 =y - x/tan® - R tan(2/2),
Summing gives
1 - cos™
L = x(—SInT,—) + R{¥ - 2 tan(@/2)] + vy .

Assuming constant velocity,‘the time, t, required to fly the path is
t = L/v.

The maximum time adjustment available iz the difference between the
longest and shortest paths, This time is computed by substituting the

maximum and minimum angles (90 degrees and tan-lx/y respectively) and
subtracting. This provides a time difference, At, of

~ COo8 05
sin o

_1 1.1
At = V[x + vy = L43R] V[x(
+ R{av = 2 tan%) + v].
But, for the shortest path

X = y tan @ .

Thus, in terms of the distance to the commoh path gate and angle ta the
initial fix point

At = %(tan @ - 1l/cos o + 1) - %(-43 - o+ 2 tan %5 .
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Figure 13 contains several plots of the locus of constant time
adjustment versus initial fix positiom. Note that each of.the three
constant time plots are expressed as Atf2 reflecting the time increase
or decrease about an average nominal, For these plots, a common path
length of two miles was assumed. For longer common pth lengths, the
three curves move up by the amount of the common path increase.,

Figure 14 <hows that the amount of time adinstment available is
relatively insensitive to nominal velocity and bank angle.

Speed Control.- An alternative means of adjusting time of arrival
is through speed control. The factors affecting time control through

speed adjustment are:

(1) Nominal approach speed
(2) maximum and minimum acceptable speeds
(3) acceleration and deceleration capability

(4) path length,.

For purposes of STOL aircraft it is assumed that all speed
variations must be accomplished before the final turn onto the common

path. A reasonable range of speed is from 1.4-Vq to 1.7Vs where V_ is the

alreraft stall gpeed. A typical landing speed is 1.3VSe Aircraft certi-

fication requirements presently specify that all aircraft must have a
maximum flap speed at least 80 percent above the stall speed for that
configuration. Assuming that a buffer is required at the extremes of
1.3VS and 1.8VS, arbitrary values of 1.4VS to 1.7VS were chosen,

There are four segments to the speed change as shown in Figure
15. During the first segment the aircraft changes speed from the
nominal (1.55Vs which is the average of 1.4VS and 1.7VS) to either the

maximm or minimum speed, The time, tl’ and distance, Dl’ covered

can be deduced as follows:
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initial fix point

accelerate (decelerate)

max. (min.) velocity

Dy . decelerate (accelerata)

common path gate

commen path

fIGURE 15. FLIGHT SPEED CONTROL PATH FOR TIME CONTROL
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V. t, + 1/2a ¢t

[}
]

1 01 1
Vl = 4 tl + VO »
where
VO = 1.55VS
Vv, = 1.4V or 1,7V
1 8 8
a = aircraft acceleration.
Solving for ty
(v V)
£ = 1 -0
1 a '

1
Dy = 5 (v1 -V, ) .
Similarly, for the third segment
. V= vy
3 a
1 2 2
D, = 52 w,” - Yo ) N
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Thus the total time and distance in the first three segments is given
by

1 2 2
= = - Vv
=g -V +, Yy
2
1;=a(vl-'«70)+t:2 .
Eliminating t, from the second equation gives
2 D - 2" - 90
t=;(Vl-Vo)+ Vl .
The nominal flight time, tys is
D
t=-" o
0 V0
The maximum time change, At, is given by
At=(t-t0)
2
v
i 0 1 1
== (V. =2V =—==)+D G ~=) .
a 1 0 Vl V1 VO

Figure 16 shows contours of constant time change for a nominzl
- airspeed of 90 kts, and an acceleration capability of 0.1 g. Note that
the contours are different for decreasing and increasing time, Figure
17 shows the relative imnsensitivity of these curves to changes in
acceleration.

The speed maneuvers described above are, of course, somewhat.
simplified but they serve to indicate the rough magnitude of achievable
time changes,
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FIGURE 16. MAXTMIM FLIGHT SPEED TIME CONTROL AVAILABLE FOR A
NOMINAL SPEED OF 90 KTS ARD A MAXIMUM ACCELERATION OF 0,1 G
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State Estimate and Control Uncertainty
Qutside the MLS

The state estimate and control uncertainty outside the MLS
coverage is an important factor in the definition of required MLS
coverage, Of particular interest are the cross track and along track
uncertainty just prior to entering the MLS coverage. The along track
uncertainty divided by the aircraft wvelocity gives the time of arrival
error, dictating the minimum amount of time which must be made up
within the MLS coverage, 1If the pilot is attempting to cross some
intermediate waypoint just inside the MLS coverage, then the cross
track uncertainty dictates the variation which must be allowed in defining
this waypoint.

A cursory examination of these errors was made using the aircraft
navigation, guidance and control analysis program (ANGCAP) developed as
part of the STOL-OPS programs(B). Since the case of interest is a
. major high density hub airport equipped with parallel independent
runways, it was assumed that a VOR/DME existed near the runways. It
was assumed that the aircraft was edquipped with an area navigation
system capable of complementing the VOR/DME data with air data and
heading information. More accurate forms of state estimation arve, of
course, possible utilizing other VOR/DME stations in the area. However,
the case of a single VOR/DME located at the airport represents a likely
situation.

Two flight profiles were simulated initially; one path perpendicular
to the runway centerline and another approaching 180 degrees to the final
path with a turn toward the runway centerline at approximately five miles
beyond the threshold, The second profile had smaller errors because the
aircraft passed closer to the VOR/DME than the first profile. Thus, only
the path perpendicular to the runway centerline was considered further,
This path intersected the runway centerline five miles from the threshold.

Table 20 shows the data used for the analysis. Runs were made
with a lateral control time constants of 60 and 100 seconds and velocity
control time constants of 100 and 200 seconds. Table 21 shows the
results at a point two miles from the runway centerline (reflecting
the edge of a 20 degree MLS azimuth coverage).
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TABLE 20,

DATA USED FOR NAVIGATION UNCERTAINTY ANALYSIS

1. VOR/DME standard deviations

Actual Filter Model
Bias White Noise Bias White Noise
IME Range (1tm) 0.14 0.10 0.14 0.10
VOR Bearing (deg) 1,00 1.00 1.00 1.00
2, Winds
Actual Filter Model
Standard Correlation Standard Correlation
Deviation Time Daviation Time
East 10 kts 360 sec 10 kts 360 sec
North 10 kts 360 sec 10 kts 360 sec

3, Aircraft/control transfer functions

lLateral (cross track) = represented as a first order system with
a contrel time constant as specified.

Velocity (along track) - represented as a first order system with
a control time constant as specified.
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TABLE 21. ERROR ANALYSIS RESULTS

Condition Error (Std., Dev,)
60 sec. lateral control 0.22 n.mi. cross track
time constant
100 sec., lateral control .31 n.mi. cross track
time constant
100 sec., velocity control 8.6 seconds
time conagtant
200 sec. velocity control 12.4 seconds

time constant

Future ATC Environment

The method of sequencing and metering and thus, the requirements
for MLS coverage are greatly dependent on future ATC methods, A Mitre
report on the upgraded third generation ATG(%4) indicates that
ajircraft will likely be given landing assignments as early as takeoff
from the originating airport., The precision of these landing assignments
will gradually be reduced from several minutes at takeoff to a few seconds
in the terminal area. If this is the case, then time adjustment require=~
ments within MLS coverage should be dependent only on the navigation and
control uncertainty outside the MLS. A report on the fourth generation

ATC(5) indicates that both navigation and surveillance aids in that time
period will be almost as accurate as the MLS, greatly relieving MLS
requirements except for landing,

If the upgraded third generation and fourth generation ATC systems
occur as indicated in these reports, then the requirements for time of
arrival control within the MLS will be dependent only on state estimation
and control uncertaintly outside the MLS. However, these improvements are
at a very early stage of development and official FAA policies on these
improvements have not yet been defined. Significant changes in approach
to the problems of sequencing and metering may yet occur before an up=-
graded third generation capability is implemented. Until these procedures
are well defined, the time of arrival control authority required within
the MLS will not be fully known.
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MLS Azimuth Coverage Required for STOL Operations

The data presented in the previous sections are sufficient to
gain some insight into the STOL requirements for MLS coverage. To
review briefly, it has been assumed that the greatest demand on coverage
will occur at high density airperts equipped with parallel independent
runways, Parallel independent runways have shown the greatest promise
for increasing airport capacity., The presence of parallel runways
effectively eliminates half the available airspace from normal maneu-
vers for any given runway. At the same time, since it is a high
density airport, maximizing capacity on each runway will be a major
concern, In the future (1985 time period) this will imply the need for
precise time of arrival control and a minimum time on the common path for
the slower speed aircraft, '

The coverage required under these circumstances depends primarily
on:

(1) The amount of time adjustment which must be
accommodated within the MLS coverage

(2) The position uncertainty at the entrance to
MLS coverage

and to a lesser extent on
(1) The common path length

(2) The aireraft maneuver constraints near the
common path gate,

Figures 18 to 22 show graphically the airspace required for path control
for several conditions. On each figure, a fan family is shown which termi-
nates at the common path gate. Another fan family is shown displaced a
half mile further from the threshold. This fan pattern would allow a half
mile cross-track error before the time adjustment capability would be
affected, The value of one-half mile was chosen based on data in Table

21 as approximately the two-sigma devision of the cross track uncertainty
at the MLS entrance. This confidence level is very likely sufficient
because the impact of exceeding the two-sigma level is just to reduce the
available time of arrival adjustment capability. Also shown on each

figure is a closest approach boundary which is based on the data in
Appendix B. As indicated above, this has little impact on required coverage
unless the nominal MLS entry point is close enough to that boundary to
provide a significant probability of crossing the boundary.
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The common path gate for each of these figures has been set at
2 nautical miles from the threshold. At 2 miles from the threshold
a 8TOL aircraft is 2-8 minutes from touchdown at about 1,500 feet
altitude (assuming a 7~degree glide path).

Figures 18 and 19 show a fan pattern with 115 seconds adjustment
capability for 20 and 40 degrees azimuth coverage, respectively. Figures
20 to 22 show a fan pattern with #60 seconds adjustwent capability for
20, 40, and 60 degrees azimuth coverage, respectively,

For the 15 second fan pattern, the maneuvering range requirements
are not much different for 20 and 40 degrees of coverage., For the 60
second pattern, however, the differences are significant. Twenty degrees
of azimuth coverage implies that airspace out to about 12 miles from
threshold is required. At 60 degrees azimuth coverage this range reduces
to about 7 miles,.

At first glance it appears that 20 degrees azimuth coverage would
be adequate for STOL operations under the conditions described above,
However, there are a number of other factors affecting runway capacity
which should be considered., Some of these are discussed below.

Speed Mix.- If alrcraft of differing speed ranges are landing on the
same runway, then capacity is decreased, This is because a slower air-
craft following a faster aircraft will exceed the minimum geparation at
touchdown, When the slower aircraft reaches the common path, it must
have the minimum separation from the faster aircraft in front of it. As
both approach the runway their separation increases, thus increasing the
time separation between them, It has been shown that almost all aircraft
can operate at one of three nominal approach speeds'?’, If each of
these three speed classes operate in a separate region of the MLS to
accomplish time of arrival comtrol, then there should be airspace allo«
cated for a fan pattern for each., For the case of parallel independent
runways, it is highly unlikely that more than two speed categories would
operate on a given runway, especially the shorter runway which STOL
aircraft would be using. Assuming MLS coverage out to 20 nautical miles,
there appears to be sufficient area for two fan patterns in all of the
cases with the possible exception of Figure 20.
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Common Path Length,- One way to reduce the adverse affects on
capacity of differing landing approach speeds is to minimize the common
path length of the slower aircraft. Tables 22 and 23 show saturation
capacity for three common path lengths for two speed mixes. Note that
there is a significant increase achieved by reducing common path length,
The required common path length can be reduced by minimizing the time of
arrival adjustment required within MLS coverage and by increasing azimuth
coverage,

Altitude Separation.- It should be noted that separation requirements
can be satisfied with altitude as well as lateral separation, In fact
altitude separation of differing speed classes in the terminal area may
be essential to take best advantage of the minimum separation requirements.
It was shown above that capacity improvements could be expected if STOL
aircraft joined the common path as close as possible to the threshold.
However, during the final turn onto the common path, there is a closest
point of approach to an aircraft passing by in fromt of the STOL. The
fact that these two aircraft have their closest point of approach when
one is closing on the common path (that is, when there is a significant
closing velocity between the two aircraft) would normally dictate greater
separation than required if both were on the common path. Thus, the
advantage of the shorter common path would be diminished. However, if
the two aircraft were separated in altitude, the lateral separation
could be minimized. To obtain some feel for relative vertical separation
along the common path, note that a STOL on a seven degree glideslope would
be at approximately 2200 feet altitude at three miles from the threshold.
An aircraft on a three degree glideslope at the same range would be at
950 feet, a separation greater than 1000 feet,

Altitude separation could be helpful in another way., In Figure
20 there is an implication that for 60 seconds time of arrival
authority, approximately 12 miles of airspace from the threshold must
be dedicated to this speed class, This also implies long common path
lengths for the slower speed aircraft. This can be alleviated by

altitude separation, allowing differing speed classes to overlap in the
lateral plane.

Speed Control.-Figures 18 to 22 were all drawn on the basis of
using path control to change time of arrival, This could also be

accomplished using speed control, although generally more airspace is
required and a greater pilot workload may be involved., In addition it
is pessible that some combination of speed and path contrel could be
usaed to further reduce required airspace
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TABLE 22. HOURLY CAPACITY FOR A LANDING AfPROACH
SPEED MIX OF 50% AT 80 kgs., 25% AT 100
kts. AND 25% AT 110 kts.

Separation at
Common CPA**(n,mi.) 2.0 3,0
Path Length
(n,mi,)
2 42.3 28.9
4 39.6 27.6
8 35.2 25.4

* Using the capacity model in Reference 6.

*% Closest point of approach,

TABLE 23.. HOURLY CAPAGCITY FOR A LANDING APPROACH
SPEED MIX OF 257 AT 80 kts., 37,5% AT

100 kts. AND 37.5% AT 110 kts.

Separat*gn at
|ICommon CPA" (n.mi.,) 2.0 3.0
Path Length
(n.mi.)
2 45.6 31.0
4 42.9 29.8
8 38.4 27,5

* Using the capacity model in Reference 6.

#*% Closest point of approach,
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Elevation Coverage

The previous sections have dealt only with azimuth MLS coverage.
Elevation coverage is also of interest. The 3C-117 subcommittee recom—
mended elevation coverages of 8 and 20 degrees depending on the configura-
tion. There are two aspects of elevation coverage; the maximum elevation
of the elevation signal and the maximum elevation of the azimuth signal,
STOL aircraft will be quite sensitive to elevation coverage because of
their steep approach capability. If STOL aircraft use glide paths which
are less than 8 degrees, then there would be sufficient coverage if they
made a straight in approach. If, however, a STOL aircraft approaches the
runway centerline from some angle and is executing a descent at the same
time, then there is a possibility of operating above the coverage. Figure
23 shows where an alrcraft would enter the azimuth coverage if approaching
at a right angle to the runway centerline and executing a 7 degree descent
within an 8 degree coverage. If the common path length is six to eight
miles long then it is likely that the aircraft would not start the descent
until the runway centerline was reached. However, for shorter common paths
this would not necessarily be the case. Thus, 8 degrees of vertical cover-
age appears to be marginal for STOL operations in a high density environment.

Conclusions

Adequate conclusions regarding the required azimuth MLS coverage
for STOL operations axe very difficult because of the uncertain data
base, For example:

(1) The future ATC procedures for time of arrival contrel,
and thus the requirements for contrel authority, are
vaery tenuous.

(2) A specific pattern (the fan family) was chosen to datermine
the airspace required for time of arrival adjustment, yet
there has been no policy definitiom regarding the method to
be used,

(3) For much of the data (Figures 18 to 22) a common path
length of two miles was used, but it is not clear that this
will be an acceptable value.
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(4)

(5)

Use of speed control was not assumed in drawing Figures
18 to 22.

The case of high density parallel independent runways with
precise, automated sequencing and metering was assumed to
represent the worst case for azimuth coverage.

Despite the uncertainty inveolved there are certain conclusions that are

apparent.

(1) A coverage of +60 degrees does not appear to offer a signifi-
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(2)

(3

(4)

(5)

(6)

(7

cant advantage over x40 degrees coverage,

A coverage increase from %20 to 40 degrees can significantly
decrease the required STOL common path length if a large
(160 seconds) time of arrival control authority is required,

A large time ¢f arrival control authority within MLS coverage
requires excessive common path lemgths for any of the coverages.
Thus, there is real advantage in attempting to wminimize this
required authority with some form of control outside the MLS.

A coverage of +20 degrees is adequate if the disadvantage of
longer common paths can be compensated with altitude separation
on the final path.

A coverage of +20 degrees is adequate if a time of arrival
control authority on the ordexr of x13 seconds is adequate.

Based on the assumptions in this appendix, 20 degrees of
azimuth coverage is adequate for all but the worst case high

density parallel independent runway airports, For this
case it is marginal.

Eight degrees of vertical coverage is marginal for STOL
operations,



APPLICATION OF INS TO STOL

The purpose of this task was to determine the avionics functions
that can be provided by an inertial navigation system (INS) or inertial
reference system (IRS) for short-haul domestic operations assuming a
requirement to operate in Category III weather. In addition, cost and
reliability data were to be gathered on existing INS systems for NASA/ARC
to use as & baseline in the development of a redundant strapdown inertial
reference unit (SIRU),.

- This task was accomplished primarily through a survey of air-
lines, aircrafr manufacturers, avionics manufacturers, and government
agencies. These organizations and individuals contacted are listed in
Table 24, The comments received have been segregated into several cate=-
gories and are repeatad essentially as received. Most individuals were
quite candid and open in their remarks and generally preferred not to be
quoted directly, Thus, the views are presented without indication of the
authors., However, the segment of industry (from Table 24) the view came
from is indicated after each comment., Several comments will appear to be
repeated. In these cases several individuals had the same or similar
viewes and they are repeated to reflect the degree of comsensus. Following
these comments there is a section of conclusions drawn from the survey.

Data on Existing Inertial Equipment

The present complement of inertial equipment or equipment
replaceable by an inertial system aboard Category III equipped aircraft
includes:

9 accelerometers (3 for each axis},

3 rate gyros (9 if rate is not derived from the vertical
gyros),

3 vertical gyros,

2 compass systems,
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TABLE 24, PERSONS CONTACTED REGARDING
APPLICATION OF INS TO STOL

Aircraft Manufacturers

Mr. Hal Tobie, Boeing Commercial Airplane Company
Mr. Al Norwood, Boeing Commercial Airplane Company

Mr. Bob Adams, McDonnell Douglas Corporation (Long Beach, California)

INS Manufacturers and Developers

Mr, Jeff Amacker, Singer-Kearfort

Mr, Ron MeGraw, Collins Radio Company

Mr. Loren DeGroot, Cellins Radic Company

Mr., Paul Savage, Honeywell Inc. (Minneapolis)
Mr. Dick Miller, Litton Aero Products

Mr, Walt Ebert, Autonetics Division of North American Rockwell

Navigation and Flight Control Manufacturers

Mr, Fred Allgower, Sperry Flight Systems
Mr. Don McGlade, Sperry Flight Systems
Dr. Norb Hemesath, Collins Radio Company
Dr. Gordon Neal, Collins Radio Company
Mr. John Hall, Collins Radio Company

Airlines

Mr. T. A. Ellison, United Airlines

Mr. Howard Mehrling, Eastern Air Lines
Airline Related Organizatious

Mr, William Carnes, ARINC/AEEC

Mr, Sig Poritzky, Air Transport Association
Government

‘Mr. Everett Morris, FAA Flight Standards Service

Others

Mr. Jerold Gilmore, The Charles Stark Draper Laboratory
Mr, Robert Booth, The Charles Stark Draper Laboratory
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Reliability data and approximate costs for these systems are as follows:

Replacement MTRF* MIBUR**
Cost (hoursg) {hours)
Accelerometer 51,000 96,700 47,500
Rate Gyro 1,000 6,400 3,000
Vertical Gyro 6,000 3,000 1,000
Compass System
Directional Gyro 3,500 7,700 2,300
Flux Gate 600 180,000 45,000
Coupler 4,200 3,500 3,000
Controller 400 585,000
Compensator 400
Rack 850 76,000
Total Compass System 9,950 2,000 1,300

Note that the costs are replacement or spares costs which tend to be about
33 percent higher than for an installed price. Manufacturer quoted prices
generally reflect these replacement prices.

The reliability data shown above are taken from field data, With
these figures, the cost for a fail-operational autoland (Category III)
inertial sensor complement is approximately $50,000 with a2 mean-time~
between failures (MIBF) of 483 hours and a mean-time~between-unscheduled-
removals (MIBUR) of 173 hours, (Navigation and Flight Contrel Manufacturer)

The price of present ARINC 561 inertial navigators is approx-
imately $100,000 each, The reliability apecification is 1800 hours MTBF
which 1s almost being achieved, (Aircraft Manufacturer)

Our present experience with gimballed inertial navigation systems
shows high but tolerable maintenance costs. They are running about $3.00
per system hour for each INS with costs split approximately equally between
the IRS and computer. The accuracy of the systems is more than adequate,
(Airline)

A primary advantage of INS in today's operations is reliability.
For gimballed systems which have the capability of reverting to an attitude
system when the computer fails, the MTBF of the attitude function is about
2500 hours. The computer represents about half of the total INS failures.
The ratio of ground to airborne failures is about three to one. (INS
Manufacturgr)

* Meaan time between failures.
%% Mean time between unscheduled removals,

81



For one airline the maintenance costs of inertial equipment was
as follows:

directional gyro = 15 to 20 cents per operating hour
vertical gyro - 30 cents per operating hour
gimballed INS -'$2,75 per operating hour.

The inertial systems are averaging 4200 operating hours per year, This
represents an average cost of $11,550 per year for each INS, (INS
Manufacturer)

Our price for a full system is $92,000 which includes DME /DME
filtered update, There are some improvements which could lead to a
15-20 percent reduction in price, (INS Manufacturer)

Gimballed systems have about reached the end of the line in
cost and reliability. The MTBF ranges from 800 to 1700 hours and the
cost ranges from $85K to $110K. Maintenance costs range from $2.50 to
$3,00 per hour. (INS Manufacturer)

The LTN51 sells for $106K, has an MIBF of 1200 hours and a
half mile per hour performance. The LIN72 sells for $98K., (INS
Manufacturer)

Existing INS reliability breaks down as follows (based on
gaveral years airline experience):

- total system MIBF is about 1200 hours
- the ratio of ground to air failures is about three to omne
- half of the failures are in the computer.

Thus, the reliability of basic attitude information while airborme is
greater than 3000 hours MIBF, (INS Manufacturer)

Flight Functions Provided by an Inertial System

An INS could allow removal of all other inertial instruments.
in addition, the flight control system could be significantly simplified
with much improved performance, Present ILS and VOR capture schemes tend
to be complex and perform marginally. Tracking performance in a coupled
mode on VOR's and presumably on area navigation systems utilizing VOR/DME
is marginal in terms of the bank activity. An INS updated with radio
aids provides excellent coupled performance, IN3 is inevitable in the
domestic environment if for no other reason than the improved flight
performance and safety aspects of reduced in-flight pilot workload.
(Navigation and Flight Control Manufacturer)
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INS is needed in Category III conditions, primarily to monitor
the ground system, In addition, the vertical gyro can be poorly erected
after a steep descent into the terminal area, This poor erection to a
false gravity vector will cause standoff in the flight control system.
For STOL vehicles this problem may be more severe because of more
mazneuvering in the terminal area and short common path lengths. An INS
1s not susceptible to this problem, An INS would also be very useful to
smooth dropouts in the microwave landing system (MLS) signal during
curved path maneuvers, (Aircraft Manufacturer)

We have no projections for a domestic need for an INS, The
navigation computer (presumably area navigation) will be implemented but
_the addition of the inertial reference system is too expensive both in
initial and recurring costs, (Airline)

National Airlines has been quite successful in coupling to an
area navigation system without INS {n both the VOR/DME and DME/DME modes.
There are cases where a VOR/DME combination causes more bank than is
acceptable but they are generally pleased with the system. (Navigation
and Flight Control Manufacturer)

My personal opinion is that as INS becomes less expensive it
will be utilized in the domestic or short-haul environment, not because
it is essential, but because it has so many nice features, T would
compare it to auto power steering. We couldn't show that it's cost
effective but we wouldn't do without it. (Navigation and Flight Control
Manufacturer)

We do not feel that INS is required as part of the Category
111 Autoland system. We feel that adequate protection from ground system
failures is provided in the aircraft through rate limiters and deviation
sensors. We have experienced some problems with vertical gyro standoff.
However, these tend to be nuisance problems rather than serious flight
control or safety problems. (Navigation and Flight Control Manufacturer)

I see no essential requirement for INS in short-haul operations,
Implementation will depend heavily on first cost and maintenance costs.
(Airline Related Organization)

INS will be implemented in the domestic market only if the
¢omputer and sensors are used to serve a total system function en-
compassing S5AS, attitude, navigation, ete. (INS Manufacturer)
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There is still a big question whether Schuler—tuned inertial
attitude information is needed for Category III. Vertical gyros
are satisfactory now qualified by a limitation on maneuvers prior
to landing. It isn't clear that the VG/DG combination is good
enough when curved paths and short final common paths are used.
(INS Manufacturer)

I can't see that INS can pay its way on the next generation
STOL without a breakthrough in cost and maintenance. The new MLS with
curved paths and the introduction of area navigation leave the INS
pictura unclear primarily because we don't know whether present attitude
sensors will be satisfactory. (Airline) '

I would be concerned if an integrated redundant INS was part
of fail operational autoland, that integrity would be difficult to
prove without complete separation of redundant systems., (Airline)

We encourage the use of INS for smoothing anomalies and
providing a greater degree of safety on the landing approach. 1In the
future, city center to city center V/STOL all weather operations may
require INS quality attitude for certification. (Government)

We think of the strapdown as an integrated system with the
computer serving Elight contreol and management functions with £
contained navigation as a free extra. (INS Manufacturer)

1
3&L

I have difficulty seeing any short-haul requirement for INS.
Vertical gyros with reduced drift rates may be able to handle the improved
verticality requirements for STOL in Category III conditions. (INS
Manufacturer)

I see nothing unigue about STOL requiring INS., The present
cost of §75K-$100K without high reliability and easy maintenance is not
likely to find a place in short-haul., (Airline Related Organization)

INS must be able to demonstrate that it can replace a set
of instruments of comparable cost. The autoland or autopilot require~
ments will dictate the cost airlines will be willing to pay for con-
ventional instruments., When INS is available in that cost range then
the safety, performance, and flexibility offexed by INS will be lmmedi-
ately adopted. A price range of $25K=$35K would likely be acceptable.
One must consider sharing both instruments and computer, that is,
treating it as a total system. The airlines will not buy better
performance, (Aircraft Manufacturer)
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General Comments About INS

I am skeptical about the availability of strapdown systems,
People have been claiming that flight systems are only a year away for
too long, (Airline Related Organization)

There will be problems substituting a single system (INS)
for several smaller systems (VG, DG, accelerometers), If a vertical
gyro fails now, heading is not affected, whereas, an INS failure could
remove all inertial capability. In addition spare requirements and
maintenance are much more formidable for a complete system. An
integrated redundant system, in particular, raises questions regarding
spare requirements. (Airline Related Organization)

When an INS is procured, fleet commonality will be an important
consideration which may have implications about the performance required
for those airlines which have both short-haul and long=-haul oceanic
flights., (Airline Related Organization)

Gimballed systems are tao expensive to find a market in
domestic short-haul, {INS Manufacturer)

Some of the problems we are having with INS in the field are:

(1) Ease of self check and easy removal leads to
increased removal rate even though the INS
might be all right

(2) Unreliable aircraft cooling

(3) Poor procedure -including moving before
completion of align and bad input. (INS
Manufacturer)

INS has been easy to sell for general aviation jets. The
biggest problem there is space, peak powsr available for heaters, and
weight. They take a dual system whenever they can. The INS gives them
a great deal of flexibility allowing them to go anywhere. (INS
Manufacturer)

INS is a solid requirement for long range new aircraft. (INS
Manufacturer) '
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All airlipes are concerned about reliability. Present
redundancy techniques are complex and costly. The industry would be
very interested in techniques for achieving redundancy reliably.
(Airline Related Organization)

We think we can satisfy a fail operational requirement with
two inline monitored gimballed INS rather than three systems. (INS
Manufacturer)

'y

Projected Costs of New Gimballed Platform INS

The price of new gimballed systems will not go down much
further., (INS Manufacturer)

'~ We can't push gimballed technology much further. The single

area of projected improvements is in electronics, not mechanics. Analog
circuits tend to fail twice as often as digital. Thus, the logical approach
is strapdown if the sensors can take the environment. I think the laser
gyro is about 10~15 years away for airline use. I understand that there

are problems with calibration stability, day-to~day repeatibility and total
lifetime. In the interim,strapdown systems will utilize hinged and rotor
instruments and ESG's, (INS Manufacturer)

We are developing a small gimballed inertial system which
should be available in 1976-77 for about $80K. (INS Manufacturer)

Projected Cost of Strapdown Systems

Strapdown is clearly the way to go for future commercial
applications because of the reduced cost and increased reliability which
can be achieved, We feel that $50,000 per system is near (3-5 years)
and $35,000 per system is readily achievable. (Aircraft Manufacturer)

We are looking heavily at strapdown as a means of reducing
price, With existing hardware the price should be about $55,000 per
system. (INS Manufacturer)

We expect that our strapdown system, acting as a non-redundant
navigator will be priced from $40,000-$50,000. We expect to flight
test our system in late 1974 or early 1975. (INS Manufacturer)

I would expect strapdown systems to be priced initially between
565=$70K with a minimum threshold of $35-550K. (INS Manufacturer)

86



We have been looking at strapdown but it still has lots of
drawbacks such as computer glitches due to power changes aspecially on
final approach. A gimballed system can still provide attitude if the
computer fails, My view of strapdown costs with state of the art
equipment is as follows:

gyros ~ $6K~-$8K each
accelerometers = $2K each
computer with 4=5K memory - $10K.

When you add packaging and profit, initial field support, etc, the
minimum price is $50K-$60K., (INS Manufacturer)

We have just lab tested a strapdown system demonstrating
performance better than one mile per hour. We are hoping to have a
first commercial system ready for flight test in December, 1974, We
have a cost goal of $35K per system in quantities of 1000 or more.
(INS Manufacturer)

The state of the art exists to produce an inexpensive strap=
down in 4-5 years ($35K or less)., (Aircraft Manufacturer)

Requirement for Category II1 Autoland Capability

We're not sure whether Category III capabilities will be
procured on new aircraft, (Aircraft Manufacturer)

On our new wide body jets we are mot maintaining Category III
conditions, 1If they don't have to be fail operational we can get by with
fewer spares and the periodic maintenance costs are not as high. We
are taking a "wait and see" attitude about the direction Category III
will take, (Airline)

Category I1I is proving to be a wvery high cost maintenance
item for us. (Airline)

Summary and Conclusions

Gimballed inertial navigation systems presently in service
have the following characteristics

Replacement Cost $85K - 110K

Performance Better than one mile per hour

Reliability 1000 - 1500 hours MIBF

Maintenance Cost $2.50 - $3.00 per system hour, This
represents approximately $12,000 per year
for each installed INS,
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These systems generally have a capability to revert to an attitude mode
if there is a computer failure. Since the computer represents about half
the total INS failures, the attitude function has a reliability greater
than 2000 hours MTBF, The in=flight failure rate is even less than
implied by this MTBF, Many of the failures are detected on the ground
during alignment. If a system can't align within certain tolerances it
is removed. Faults may have occurred during previcus flights but the
performance degradation, particularly to satisfy attitude requirements,
might not be significant. Thus, a significant proportion of failures
(three to one) appear to be ground or turn-on failures.

The cost of gimballed systems will not improve significantly.
It is highly unlikely that any new gimballed systems could sell for less
than $75,000, This conclusion is generally accepted by all of the INS
manufacturers consulted, even those heavily committed to gimballed systems,

The airlines feel that INS is wvery expensive both for initial
buy and recurring costs, Maintenance is difficult because of the system
complexity and spares are expensive. Airlines will not purchase INS for
short-haul unless its cost and maintenance requirements are competitive
with the equipment being replaced, In other words, airlines will not pay

for increased safety, reduced pilot workload and increased flexibility
unless

(1) A regulating agency imposes the requirement
{2} The improvement is clearly cost effective

{3) Technical reduirements demand the improved
performance.

There ig no essential requirement for INS in the short-haul
(500~1000 miles) over-land operations, There is still a controversy
about the need for INS in the Categeory III Autoland. However, two
manufacturers have been or are about to be certified for Category IIL
without INS. The arguments for INS generally center around the need for
more effective monitoring of the ground system, more reliable attitude
information, freedom from the nuisance of beam interference or data
dropout, and improved navigational capability in the event of autoland
system failures and missed approaches, The regulatory agencies are (and
should be) reluctant to force additiomal hardware requirements such as
INS as part of Category III certification, Category 111, as presently
implemented, is expensive and requires a great deal of periodic main-
tenance, Requirements for additional, more expensive equipment would
further reduce the likelihood of widespread Category I1I implementation
on future generation aircraft,
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STOL aircraft may require Schuler-tuned attitude information
rather than a continuous gravity erection system to satisfy verticality
requirements in the terminal area because of the potential for more
maneuvering and shorter periods of level flight prior to landing.

INS offers significant benefits in terms of performance,
flexibility and safety, Safety is enhanced primarily in the terminal area,
not only as described above for Category III1 operations, but for any IFR
conditions, particularly at ill equipped airports. Flexibility is derived
from the fact that INS represents a completely self-contained navigator
which can function accurately,.independent of any external navigation aids.
The INS also offers flight control management through its computer and
smooth, accurate, coupled flight control performance freeing the flight
crew for other critical flight duties., The safety features are partice
ularly important because a significant proportion of flight accidents
occur in the terminal area when aircraft wander from the prescribed flight
path, STOL aircraft operating from both the small, ill equipped alrports
and the high density hubs should find the flexibility offered by INS
particularly attractive,

Strapdown systems offer a significant reduction in price and
reliability. However, a conventionally configured strapdown system
will still suffer many of the drawbacks of gimballed systems. The line
replaceable unit will still be a complete inertial package (3 axes of
gyros and accelerometers), Fail operational capability will still require
three complete systems, thereby reducing the reliability of the fail
operational condition by a factor of three over the reliability of a
single system. A single system will still likely be at least a factor
of two more expensive than a non-redundant set of instruments that could
be replaced. In addition, strapdown systems will net have the reversionary
attitude mode available when the computer fails. Several INS manufacturers
are currently developing strapdown systems, All of these reflect con-
ventional configurations with a price goal of $35K=$50K,

An integrated redundant strapdown system such as that being
developed by The Charles Stark Draper Laboratory for NASA/Ames can be a
real breakthrough for commercial INS making them cost effective for
short-haul airline use. The primary features of such a system which
could make it particularly attractive are:

(1) A high level of redundancy with a reduced
level of duplication

(2) Reliable fault isolation reducing the
probability of unverified removals (approxi-
mately 40 percent of present removals are
unverified)
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(3) On-line correction for stable bias shifts
normally requiring a system removal

(4) Line replaceable components (gyros and
accelerometers) rather than complete
systems.

Items 2, 3, and 4 are generally very difficult or impossible to achieve
with conventional nonredundant systems because of the inability to re-
liably detect and isolate component failures.

Several technological advances and demonstrations will be
required before manufacturers and the airlines will be willing to risk
an investment in an integrated redundant system, A program to develop
and demonstrate such a system should include the following steps.

(1) A demomstration of adequate performance in both the
normal and fault degraded modes., A demonstration
utilizing a STOL vehicle and representative STOL profiles
is particularly attractive because the greater rotational
motion (roll, pitch, and yaw) will exercise the system
in an environment in which strapdown is usually considered
least suited. Performance should be evaluated, not just
from the ability to nmavigate, but also from the ability
to provide acceptable attitude information.

(2) A test of the fault isolation and on-line correction
capabilities along with an analysis of the reliability
of these techniques.

(3) Demonstration of line replaceable components,

(4) A cost analysis to show whether such a system could be
significantly more cost effective than a dual conven-
tionally configured strapdown system. It is important
that this comparison be made to assure that the integrated
system could be sold in sufficient quantity to take
advantage of large production savings and to amortize
development costs. It will have to be attractive to the

. airline desiring only dual redundancy as well as those
requiring triple or fail-operational status,
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(5) A reliability and failure mode analysis designed to
show that the fail-operational requirements of a
Category 111 Autoland system can be satisfied with
an integrated system., It is one thing to show that
a system can operate successfully in a degraded
mode and that a high degree of operational relia-
bility is achieved with a redundant system, but is
quite another matter to convince the manufacturers,
airlines, and certification authorities that the
required statistical level of safety 1s achieved
with redundancy in a single box. It should be noted
that, although the arguments for the integrated
system have not hinged on Category III, an aircraft
manufacturer or airline would be reluctant to consider
such a system unless it was compatible or could be
made compatible (without duplication) with Category
ITII requirements.

In addition, a flight test program of the SIRU system can be

used to determine the adequacy of conventional vertical gyros to satisfy
the autoland requirement for STOL aircraft,
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EXAMINATION OF STOL OPERATING EXPERIMENTS

The purpose of this task was to examine the STOL Operating
Experiments from the viewpoint of an airline or aircraft manufacturer,
to determine the ability of the experiments to provide data and
technology needed by these groups. As one part of this task, copies
of the Experiment Plan (Reference 7) weve sent to deveral members of
industry for their comments. The responses received have been sent
to NASA/Ames Research Center, The Experiment Plan provided the basis
for examination of the proposed experiments.

The'objectives of the STOL Operating Experiments are taken
directly from the Experiment Plan:

" _..NASA and Ames Research Center in accordance with their
mission in aeronautics propose to define and contribute to
the technology developmant required to enable STOL transpor=
tation to become operational."

"A STOL transportation system comsists of the aircraft and
related systems, navigation aids and data link, air traffic
control, and operational comstraints such as environment,
customer, mission, etc. Ames Research Center is concerned
primarily with the aircraft and related systems, but must
consider this a part of the over-all STOL system and not as
an isolated concept to properly investigate aircraft system
performance, stability, control, etc,"

"The experiments will assist in establishing a data base
for development of design criteria and operational procedutes
for STOL aircraft and related systems,"

The Experiment Plan is much too general in nature for a detailed
critique beyond that expressed in the industry responses of Appendix
C. The Plan is clearly responsive to the stated objectives and will
influence airline cost and manufacturer design to the extent that it
can provide data for optimization of in~flight performance with
minimum hardware complexity. The airlines, aircraft manufacturers,
and avionics manufacturers will almost certainly rely heavily on the
data provided for advanced design concepts. However, it is also clear
that the avionics complexity required to optimize STOL performance in
the future, congested ATC enviromment will greatly exceed the complexity
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of equipment abeard present short-haul aircraft. This increased
complexity will almost certainly increase maintainability costs,

The amount of this increase, if any, will depend to a great extent on
the reliability/maintainability technology available at the time,

The hazards of increasing system complexity without improving the
maintainability characteristics were evident in the simulation results
of Table 8, Page 35, Those results were obtained assuming conventional
analog technology to achieve the Category 1II capability,

The following excerpts from an airline report depict the maintain=
ability problems that the airlines have been experiencing.

"Maintenance expense.,.comprises about 25 percent of direct
operating costa"

"Maintenance efforts,..are often ineffective in detecting,
preventing, and correcting failures because of the inability
to detect incipient failures by means of...functional tests
and because of the inability to locate faults after a failure
has been recognized"

52 percent of the (autopilot) components replaced om an
unscheduled basis during maintenance checks did not elim-
inate the pilot's complaint™

"Disregarding downtime...,, the cost of maintenance over the
15 year life of a jet transport can be expacted to total
about 2 times its original cost, (Certain system and com-
ponent costs can be expected to total 10 to 100 times their
original cost.)"

It would seem that some of these problems would be relieved with
newer, more advanced aircraft. However, the following excerpt from the
November 12, 1973,issue of Aviation Week and Space Technology implies
that the reverse is true,

"Dispatch reliability of the three primary wide-body aircraft
is leveling off at a stamndard below that of smaller aircraft
such as the Boeing 727 and the McDonnell Douglas DC=9 at the
same point in their operations. Frank Borman, Eastern's
senior vice president-operations group, in noting this com-
mented that airlines should have expected it despite
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manufacturer forecasts because of the complexity

of the larger aircraft. Poorer reliability problem

is compounded because of the larger number of passengers
involved on the Boeing 747s, McDonnell Douglas DC-10s
and the Lockheed L-1011s."

The adverse maintainability implications of increased complexity
can be neutralized with parallel technology developments in the areas
of reliability and maintainabiliry. Without these developments,
airlines and aireraft manfuacturers will be reluctant to implement the
new avionics techniques developed through the Experiment Program.
Specifically, a reliability/maintainability technology program should
be aimed at achieving the following objectives.

(1). Longer effective system MIBF, This does not necessarily
imply use of higher reliability components, but can also be
achieved with more integrated redundancy (as opposed to
redundancy by black box duplication), use of reconfigurable
or self organizing digital computer techniques, etc.

(2) Elimination of unverified removals which presently represent
as much as half of all removals.

(3) Shorter mean maintenance delays through techniques for
rapid test and replacement,

Reduced spares costs.

Pain
I~
S

There does not appear to be any development activity, either within
the Experiment Plan or in other STOL avionics programs, aimed at achieving
these objectives.

%



(1)

(2)

(3)

(4)

(5)

(6)

(7

REFERENCES

Hitt, E. F., et al, "Effectiveness Evaluation of STOL Transport
Operations", Battelle, Columbus Laboratories, NASA Contract No.
NAS2-6889 (February 20, 1973).

Duning, K. E., et al, "Curved Approach Path Study", Collins Radio
Company, DOT/FAA Report No. FAA-RD-72-143 (April, 1973).

"Effectiveness Evaluation of STOL Tramsport Operations", Battelle,
Columbus Laboratories'", NASA Contract No. NAS2-6889 (February,
1973).

"Engineering and Development Program Plan for the Upgraded Third
Generation ATC System', MITRE Corporation, FAA Report No. FAA
ED-01~1A {August, 1972).

"Fourth Generation Air Traffic Control Study", Autonetics Avionics
and Sensors Division, North American Rockwell Corporation, Department
of Transportation Report No. DOT-TSC~304-1 (June, 1972).

"Models for Runway Capacity Analysis", MITRE Corporation, Report No.
MTR~4102 Rev. 2 (December, 1972).

"STOL Operating Experiments", Final Report of the Flight Experiments

Committee of the Joint DOT/NASA STOL Operating Experiments Steering
Group (July 21, 1972).

95



APPENDIX A

LOW VISIBILITY WEATHER MODEL

Preceding page blanl_( 49



APPENDIX A
LOW VISIBILITY WEATHER MODEL

The data required to model the visibility-ceiling conditions in the
terminal area in terms of VFR, Category 1, Category II, and Category III
include:

1. Probability of occurrence of each condition

2. The duration or correlation time of each condition once
it occurs

3, The logic which defines the transition between conditions.

Data have been collected to model the conditions at San Jose
Municipal, Orange County and Sacramento Executive, Each type of data
and the resultant model are discussed below.

Visibility«Ceiling Probability of Occurrence

Under Task 7.1 of the contract, weather data in the vicinity of
San Jose Municipal, Sacramento Executive and Orange County were obtained
from the U.S, Department of Commerce, Natiomal Oceanic and Atmospheric
Administration. The actual data are from McClellan AFB near Sacramento,
Moffett Naval Air Stationm near San Jose and Santa Ana (Marine Corps Air
Field) near Orange County, Following is a discussion of the low visibility
data which were obtained.

Visibility data are presented as a bivariate percentage frequency
distribution of ceiling versus wvisibility. Table A-~l is typical of the
data. Note that in this case the data are for Santa Ana MCAS and were
gathered during the period 1946-1947, 1952, 1954-1969. The data are for
February covering the three hourly observations from 0600-0800, All
data 8re from hourly observations and are summarized as follows:

1. Annual = all years and all hours combined
2, By month - all years and all hours combined
3. By month - by standard 3-hour groups,
The standard 3-hours group summary was not available for McClellan AFB,
Table A-2 is a repeat of Table A-1 except that the boundaries om

the landing weather categories have been indicated. The upper limit on
Category I or IFR weather is 1000 feet ceiling and 3 miles visibility.
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APPENDIX A

For this case the probability of Category I or worse weather conditions
is 100% - 78.7% = 21,3%. Category I weather conditions extend down to
200 feet ceiling and 2400 feet visibility. Thus, the probability of
Category II or worse conditions is approximately 100% - 92.8% = 7.2%
Category 11 conditions extend down to 100 feet ceiling and 1200 feet
visibility. Thus, the probability of Category ILI weather for this
case is approximately 100% = 94.2% = 5.8%. The probability of Category
I1 conditions is the probability of Category II or worse minus the
probability of Category III conditions. Thus, for this case the
probability of Category II conditions is

P(Cat, II) = P(Cat, II or worse) - P(Cat, III) = 7.2% -~ 5.8% = lL.4%.
Similarly, the probability of category I conditioms is

P(Cat, I) = P(Cat, I or worse) - P{Cat. II or worse)} = 21.3% - 7.2% = 14,1%.

Figures A-1 through A-12 show these probabilities for Moffett Field
plotted as a function of three hour period for each month, Figures
A-13 through A -24 show similar data for Santa Ana, Note in these
figures that the weather is worst in the winter months of November
through March, Figures A-25 and A-27 show the average conditions
for these months at Moffett Field and Santa Ana respectively.
Figures A-26 and A-28 show similar averages for the remainder of the
year,

Figure A-29 shows the monthly average conditions for McClellan
AFB. Hourly data were not available for this location.

Vigibility-Ceiling Duration

Climatological summaries(l) supplied by the National Climatic Center
give some data on the expected duration of Category II and II1 conditioms.
These data are presented in the form of the number of occurremces of a
given duration during a ten-year period, Data are available for Los
Angeles and Oakland which are closest geographically to the simulated
scenario. The data for these airports are shown in Table A-3. Figure
A-30 is a plot of the time of duration versus the percentage of the
occurrences which are of greater than or equal duration., In other words,
it presents duration time versus the probability of remaining in the
present category. The following two assumptiong are made based on a
straight line fit of the data:
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TABLE A-3. WNUMBER OF OCCURRENCES OF GIVEN DURATION
DURING A TEN-YEAR PERIOD

Duration Oakland Los Angeles
{min) Category 11 Category I11 Category 1IX Category 111
1-15 1186 _ 22 445 78

16-30 72 28 161 74
31-45 45 30 89 50
46-60 33 21 42 31
61-90 15 27 37 63
91-120 9 17 17 36

121-180 4 22 15 46

181-240 3 19 5 34

241-360 1 14 0 45

361-480 0 10 1] 25

480+ 0 20 0' 17
Total 298 230 811 499

Note: Data are for all seasons and all hours for January 1956
January, 1956 to December, 1965.
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1. The duration times for each category will be the same
for all three airports. This assumption is made to
accommodate the lack of data for Sacramento and because
of the good correlation of data for Oakland and Los Angeles,

2. The probability of remaining in a category is exponentially
dependent on duration (straight line fit on a semi-
logarithmic graph). This fit gives the following expenential
probability distribution functions:

Probability of the duration of Category II for

- .0341t

t minutes = e s

Probability of the duration of Category III for

t minutes = e -0071¢ .

The expected value (mean) of the exponential probability
distribution is the inverse of the exponential coefficient

or:
Mean duration of Category II conditions = _E%ZI =
29,32 minutes.
Mean duration of Category III conditions = 0371 =

140.0 minutes,

No data were found on the correlation time of Category I weather.
However, a Congressional airport congestion study(z) contains two weeks
(September 16-29, 1970) of IFR histories at Los Angeles and San Francisco.
The histories are in the form of hours of IFR weather during that period.
The data are scant with 1l occurrences at Los Angeles and only five at
San Francisco as shown below:

Duration of occurrences of IFR Conditions (hr):
Los Angeles 1, 2, 3, 3, 3,5, 5,7, 9, 12, 13
San Franciscoe 1, 1, 2, 5, 5

The average duration for both airports taken together is 4,8 hr.
For the model described below, a mean duration of 200 min for Category I
yields a mean duration of 4.5 hr for IFR weather,
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In summary, the following probability density functions were
chosen based on the available data,

Category I : e ‘005t, 200 min
Category II : e '03&t, 29 min
Category IIT: e 'OO?lt, 140 min

Weather Category Transition Logic

Figure A-31 shows a model for weather category tranmsition. The qij

represent the intensity of transition from state i to state ). For
example, 1if the weather at time t is Category I, the probability that
Category IIl occurs a small time later is

Pr{Cat. II at t+At}qu12At .

VFR | Cat, I Cat, II | Cat. III

FIGURE A-3]1. CATEGORY TRANSITION MODEL
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The probabilities of weather categories satisfy the following matrix
differential equation(3):

P=QFP
— -
where P1 = prob, of Cat. I
P2 4 prob., of Cat, II
P = A
P3 = prob, of Cat, III
A
£4 = prob. of VFR i
"4y, + 3 F 4y, Ay 43y Y1
410 (g + 4y9) 4y, 0
Q= .
dy3 993 ~(44 + 43y)
L q14 0 0 -q‘!l-l o

The probability function defining the duration of a given state is:
Pii(t) = Pr{teave state i at t/in state i at t = 0} .,
For the above model
q. .t
_ ii
Pii(t) = e L]
As an example, the probability function for Category II is:

~(q,, + 9,0t
szct) - o 21 23 .

For the model to be compatible with observed data for Categories II and III,
the following equations must hold:

991 + Gyq = 0.034

434 + Ay, = 0.0071 .
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Since data describing the occurrence of weather categories are available
for 3 hr pericds, the remaining qij are chosen for each 3-hr period so

that the resultant probabilities will closely match the given data. It

was found that a mean duration of 200 min for Category I would yield a

close match to the mean duration of IFR weather shown in the previous

section, Thus, the following additional constraint was imposed on the
1.

qij 5:

qlz + q13 + qm = 0,005 .

Figures A-32, A-33, and A-34 show a comparison of the model results and
the available data for Categories I, II, and III at San Jose.
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MANEUVERING LIMITATIONS WITHIN MLS COVERAGE

This appendix contains a set of plots showing maneuvering limita-
tions within MLS coverage. The purpose of these plots is to obtain
some graphical insight into the relationship between MLS aungular coverage
and aircraft turning maneuvers. Each plot shows a maneuver which starts
outside the MLS coverage. The plots depict the minimum distance which is
required to complete the indicated maneuver referenced to the MLS azimuth
antenna, The number to the right of the start of each trace is the in-
bound heading, where zero degrees is the final approach direction. These
paths were calculated assuming the the first turn begins one second after
entering the MLS coverage and that maximum bank angles and bank angle
rates are used throughout the maneuver. It is also assumed that the air-
craft can instantaneously achieve the desired bank angle rates. These
maneuvers are clearly not practical. However, they do show the airspace
limitations imposed by a given set of aircraft, MLS, and wind conditions.

Table B~1 is an index of the plots, A dot near a Figure number
jndicates that the MLS coverage does not constrain maneuvers for that
condition. That is, there is room for almost any maneuver before reaching
the common path.

To find a plot for a specified set of parameters, Table B=1 is used
as follows. The varied parameters are:

V . = aircraft true air speed in knots,

P, = aircraft bank angle limit in degrees,
¢az = MLS azimuth angle in degrees,

xcp = common path length in nautical miles,
W = wind velocity in knots.

As an example, for W = 40, ﬁ‘az = 40, xcp = 1, Py = 25 and V = 110,

enter row five, column four. The specified plot is on Figure B-25.
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TABLE B-1,

FIGURE REFERENCE FOR THE PLOTS OF
MANEUVER LIMITATIONS

wm/v W = 40 Ww=20
Y /X
az' cp 25/110 1 25/95 |25/80 5/110 }15/95 15/80
20/1 B-1 B=2 B=3 B=4 « B=5 B=6
20/2 B=7 B-8 B-9 B=10 B~11 B-12
20/13 B-13 B~14 B~15 B-16 B=17 B=18
)
20/4 B-19 B=20 B=21 B=22 B-23 B=24
40/1 B=25 B-26 B=27 B=28 B-29 B~30
: o e
40/2 p-31 | B-32% 8-33%| B-3% | B-35°] B-36
7 ® , o () i)
40/3 B-37 B=38 B=39 B=40
(5 3 [ ® @) ®
40/ 4 B-41 B=42 B~43 Bl
[3) () ) =) D
60/1 B=45 B=46 B=47 B=-48 _
() f\) )
60/2 B=49 B-50 B=51
2 =) -] ) ) )
60/3 J

Indicates conditions under which two 180 degree turns can
be made within the MLS coverage, '

n

L]

common path length in miles

aircraft veloecity in knots.

maximum azimuth MLS angle in degrees

aircraft bank angle limit in degrees

143



APPENDIX B

Two bank angles were selected for these plots; 15° and 25°, A
15° bank angle is a likely maximum nominal turn under no wind conditioms.
That is, it is unlikely that nominal paths would be established requir-
ing turns at greater than 15° bank under no wind conditions. The 25°
pank angle represents a reasonable autopilot bank angle limit (although
this limit might well be as high as 30° or 35%). Thus, the conditions
of interest for maneuvering limitations are plots at 15° bank angle with
no wind and plots at 25° bank angle with worst case winds. These are
the cases shown in Table B=l. A worst case wind at terminal area
maneuvering altitudes is approximately 40 knots. The worst case directiom
is a tailwind when approaching perpendicular to the final path. All of
the plots with wind reflect this case.

Referring to Table B-l, columns one and four are the worst cases
because they represent the highest aircraft velocity (110 knots). For
these two columums then, conclusions of manuevering limitations can be
drawn for MLS azimuth coverage of 20°, 409, and 60°,

Using the reasoning above, the worst cases for 20° azimuth MLS
coverage are shown on Figures B-1, B-4, B-7, B-10, B-13, B-16, B-19,
and B-22, From these plots it is apparent that nominal paths should
intersect the MLS at least 3/4 mile beyond the common path gate to
asgure that z successful approach can be made at any inbound heading.

)

The worst cases for 40 gzimuth MLS coverage are shown on Figures
B=25, B-28, B-3l, and B-34, Except for cases of a one mile common path,
aircraft could enter the MLS coverage short of the common path gate and
execute an "S" turn onto the final path. The same is true for all of the
60° azimuth coverage cases.

A final caution should be noted regarding the conclusions drawn
above. The plots were made assuming a 4000 feet rumway with the
azimuth transmitter located 1000 feet beyond the stop end of the
runway. The maneuvers shown assume that the airecraft is always
operating in level flight against either bank or bank rate limits and
that turns are started at exactly the right times. The initial turm
is made omne second after entering the coverage. The maneuvers shown
are not practical, but represent worst case entries to MLS coverage from
which the aircraft can recovar without a go-around. Actual nominal paths
should intersect the MLS coverage far enough from the azimuth antenna so
that cross track uncertainties will provide little likelihood of requiring
the maneuvers shown in this appendix.
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* Initial inbound aireraft heading in degrees where the final heading is

zero degrees,
FIGURE B=1, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path Jength =1. ne.
Runway length = 5000. ft.
Azlimuyth siting beyond stop end of runmay =1000. ft.
" MLS Azimyth angle =20. deg.
Alrcraft bank angle 1imlit =25, deg.
Alrcraft bank angle rate Ilimit =10. deg.ssec.
Alrcraft veloclty =110, kn.
Wind veloclty =40, Kn.
Wind dlrection = 90. deg.
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*Initial Inbound Aircraft Heading in degrees where the final heading is

FIGURE B-2, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length

Runway length

Azimuth sitling beyond stop end 0f runmway
MLS Azrimuth angle

Aircraft bank angle 1imit

Alrcraft bank angle rate |Imit

Atrcraft velocity

Wind veloclty

Wind directicen
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# Initial inbound aireraft heading in degrees where the final heading is
zero degrees,

FIGURE B-3, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path fength =1. nm.

Runway length = u5000. ft.
Arimyth siting beyond stop end of runmay =1000, ft.
MLS Azimuth angle =20, deg.

Alrcraft bank angle [!mit =25, deg.

Aircraft bank angle rate limit =10, deg. ssec.

Alrcraft yeloclty = 80. kn.

Wind veloclty =40, kn.

Wind directlien = 90. deg.
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FIGURE B-4., MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

ata
LiY

Initial inbound aireraft heading in degrees where the final heading is

zero degrees. Commen path length =1. nm,

Runmwmay length 4000. ft.

Azimyth sfting beyaond stop end of ruynway =1000. ft.
mLS Azlimuth angle =20. deg.

Alrcraft bank angle limit =15, deg.

Aircraft bank angle rate iimit =10, deg./sec.

Atrcraft veloctty =110, kn,.
Wind velocity 0. kn.

Wind directlon 0., deg.
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* Initial inbound aireraft heading in degrees where the final heading is
zero degrees,
FIGURE B=5. MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length =1, pm.
Runmay length = 4000. Ft,
Azrlimuth siting beyond stop end of runmway =1000. ft,.

MLS Azlimoth angle =20, deg.
Alrcraft bank angle flmlt =15, deg.
Alrcraft bank angle rate Jimlt =10, deg. sec.

Alrcraft velocity = 95, kn.
Wind velocity = 0. Kn.
Wind direction = . deg.
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* Initial inbound aircraft heading in degrees where the final heading is
zervo degrees,

FIGURE B~6. MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length =1. nm.
Runway length = 4000. ft.
Azimuyth siting beyond stop end of rynway =1000. ft.
MLS Azimyth angle =20. deg.
Alrcraft bank angle limit =15. deg.
Alrcraft bank angle rate Iimit =10. deg./sec,

Alrecraft velocity = 80. kn.

Wind velocity = 0. kn.

Wind dlrection = 0., deg.
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* Initial iﬁbound aircraft heading in degrees where the f£final heading is
zero degrees,
FIGURE B-F. MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length =2, nm.

: Runpay length = 4000. T¢t.
Azimyth siting heyond stop end of ruynway =1000. ft.
MLS Azimuyth angle =20. deg.

Alrcraft bank angle [imit =25. deg.

Alrcraft bank angie rate {imfit =10. deg. sec.

Alrcraft velocity =110. ¥kn.

Wind velocity =40. kn.
Wind direction = 90. deg.
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% Initial inbound aircraft heading in degrees where the .final heading is
zero degrees,
FIGURE B=8, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Commoen path length =2. nm.
Runway length = 4000. ft.
Azimuth siting beyond stop end of rynway =1000, ft.

MLS Azimuth angle =20. deg.
Alrcraft bank angle limlt =25, deg.
Alreraft bank angle rate [1mlt =10, deg.ssec,

Alrcratt velocity = 95. kn,
Wind velecity =40, kn.
Wind directlon = 90. deg,
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* Initial inbbund aircraft heading in degrees where the final heading is
zero degrees,
FIGURE B~9. MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path jength =2, nm.
Runway length = 4000. ft.
Azimyth slting beyond stop end o¢f rynway =1000. ft.
MLS Azlimyth angle =20, deg.

Alrecraft bank angle [imit =25. degq.
Alrcraft bank angle rate |Imit =10. deg./sec,
Alrcratt veloclty = 80. kn,
Wind veloclity =40, kn.
Wind direction = 90. deg,
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FIGURE B-10, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length =2. nm,

Runway length = 4000. ft.
Azimgth sfting beyond stop end of runway =1000. ft.
mLS Azlmuth angle =20. deg.

fircraft bank angle [imit =15. deq.

Alrcraft banx angle rate {imlt =10. deg.ssec,

Alreraft yelocity =110, kn.

Wind veloctty 0. n,

Wind direction 0. deg.
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* Initial inbound aircraft heading in degrees where the final heading is

zero degrees,
FIGURE B-11, MANUEVEER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Commen path length =2. nm,
Runway length = 4000, f%t.
Azimuth stting beyend stop end of ruynway =1000. ft.

MLS Azlmuth angle =20, deg.
Alrcraft bank angle [Imit =15, deg.
Alrcraft bank angle rate |Imit =10, deg./ssec,

Alrcraft veloclty = 95. kn.
Wind velocity = 0, kn,
Wind direction = 0. deg.
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* Initial inbound aircraft heading in degrees where the final heading is
zero degrees,
FIGURE B-12, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Commen path length =2. nm.
Runway length = 840060, ft,
Azrtmyth siting beyond stop end of ruynway =1000. 1.

MLS Azimoeth angle =20. deg.
Alrecraft bank angle limit =15, deg.
fircraft bank angle rate [1mit 10, deg.ssec.

Aircraft vejoclity = BO. kn,
Wind veloclty = 0, kKn.
Wind directlion = 0. deg.
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# Initial inbound aircraft heading in degrees where the final heading is

zero degrees, '
FIGURE B-13, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length =3. nm,
Runway length = 4000. ¢,
Azimyth siting beyond stop end of runway =1000. ft.

MLS Arlimuth angle =20. deg.

Alrcraft bank angle [imit =25. deg.
Alrcraft bank angle rate 1imit =10. deg./sec.

Alrcraft veloclity =110, kn.

find vefocity 40 . kKn.

Wind directlon 90. deg.

H 1
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* Initial inbound aircraft heading in degrees where the final heading is
zero degrees,
FIGURE B~14. MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONWDITIONS:

Common path length =3. LIL I
Rynway fength = 4000, ft.
Azimyth siting beyond stop end of rynway =1000. ft.
MLS Azimyth angle =20. deg.
Alrecraft bank angle limit =25. deg.
Alrcraft bank angle rate [imit 10. deg./ssec,

Alrecraft velocity = 95. kn.
Wind velocity =40. kn.
Wind direction = 90. deg.
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* Initial inbound aircraft heading in degrees where the final heading is
zero degrees, .
FIGURE B-15, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length =3, nm.
Runmay lTength = 4000. ft.
Ayfmyth slting beyond stop end of rynway =1000. ft.
MLS Azimuth angle =20. deg.
Alrcraft bank angle timit =25. degq.
Afrcraft bank angle rate [lmit =10. deg./sec.

Alrcraft velocity = 80. kn.
Wind velocity =40, kn.
Wind directlon = 90. deg.
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* Initial inbound aircraft heading in degrees where the final heading is
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FIGURE B-16. MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length =3. nm.
Runway length = 4000. ft.
Azlimuth siting beyond stop end of runway =t000. ft.
MLS Azimuth angle =29, deg.
Alrcraft bank angle [Iwmit =15. deg.
Alrcraft bank angle rate limlt =10. deg./sec,

Alrcraft veloclty =110. kn,.
Wind veloclty = 0. kn.
Wind dfirectlon = (0. deg.
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* Initial inbound aircraft heading in degrees where the final head
zero degrees,
FIGURE B-17., MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

ing is

Commoen path length =3. rm,
Runway length = 4000. ft,.
Azimuth siting beyond step end of runmay =1000. ft,
MLS Azfimuth angie =20. deg.
Alrcraft bank angle {imit =15, deg.
Rlrcraft bank angle rate limit 10. deg. /sec.

Alreraft velocelty = 95, kn.
Wind veloclty = 0. kn.
Wind dlirectian = 0. deg.
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* Initial inbound aircraft heading in degrees where the final heading is
zero degrees,
FIGURE B~18, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS :

Common path length =3. nm.
Runmay length = 4000. ft.
Azimuth stting beyond stop end of runway =1000. ft.

MLS Azimuyth angle =20. deg.
Alreraft bank angle timit =15, deqg,
Alrcraft bank angle rate {imit =10. deg./sec.

Alrcraftt velocity = 80. kn.
Wind velocity = 0. kn,
Wind direction = 0. deg.
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% Initial inbound aircraft heading in degrees where the final heading is
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FIGURE B-19, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Commoen path length =4, am.

Rynway length = 4000. Ft.
Azlmuth sfting beyond stop end of runyay =1000., ft,
MLS Azimuth angle =20, deg,

Alrcraft bank angile flmit =25, deg.

Abtreraft bank angle rate limlt =10, deg.ss5ec,

Alrcraft velocity =110. kn,

Wind veloclity =40. kn.
Wind dlrectlon = 90. deg,.
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FIGURE B~20. MANUEVER CONSTRAINTS UNDER THE FQLLOWING CONDITIONS:

Arimuth siting

Alrce
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Common path length =4, nm,
Runway length = 4000. ft.
beyond stop end of runway =1000. ft,
MLS Azimuth angle =20 deg.
Aircraftt hank angle limit =25 deg.
aft bank angle rate [Ilmit =10. deg./s5ec,
Alrceraft welocity = 95%. kn.
Wind velocity =40 kn.
Wind direction = 90. deg.
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FIGURE B~21., MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS i

Commen path length =4. nm,
Runmay length = 4000. ft.
Azimyth siting beyond step end of rynmpay =1000. ft.
' MLS Azimuth angle =20, deg.
Alrcraft bank angle limit =25, deg.
Alrcraft bank angle rate |Imit 10. deg. ssec.

Alrcraft veloclity = BO. kn.
Wind veloclity =40. ¥n.
Wind dlrection = 90. deg.
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* Initial inbound aircraft heading in degrees where the final heading is
zerp degrees.
FIGURE B=22, MANUEVER COMSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Commen path fength =4, nm.
Runway length = 4%000. ft.
Arimyth siting beyond stop end of runway =1000. ft.
MLS AzIimuth angle =20. deg.
Alrcraft bank angle limlt =15, deg.
Alrcraft bank angle rate 1imit =10. deg. ssec,
Alrcraft veloclity =110. kn.
Wind velocity = 0. kn.
Wind dlrection = 0. deg.
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* Initial Inbound aircraft heading in degrees where the final heading is
zero degrees,
FIGURE B-23, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS :

Common path length =4. nm,
Runway length = 4000. ft.
Azlmyth siting beyond stop end of rynway =1000. ft.
MLS Azlmuth angle =20. deg.
Alrcraftt bank angie I1imit =15, deg,
Atrcraft bank angle rate limlt 10. deg,/sec,

Aircraft veloclty = 95, kn,
Wind velocity = 0. kn.
Wind direction = 0. deg.

167



APFENDIX B

+1.nn +
0. +
-1 nl{ +
~2.nm +
-3.na +
~4.n0m + + +
~5.nm+ + + +
a. 1.nm Z.ne I.nm

4. nw

FIGURE B~24, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length

Runway length

Azimuth siting beyond stop end of runmay
MLS Azimuth angle

Alrcraft bank angle 11imit

Afrcraft bank angle rate |imit

Alrcraft velocity

Wind vefocity

Wind directlon
168
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* Initial inbound aircraft heading in degrees where the final heading is
zero degrees,
FIGURE B=25. MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS;:

Cemmon path length =1. nm,
Runway length = 4000. ft.

ArTmuth siting beyond stop end of runway =10060, ft.
_ MLS Arlimyuth angle =40, deg.
Alrcraft bank angle Iimit =256, deg.
Alrcratt bank angie rate Limit =10. deg.,/sec.
Atrcraft veloclity =110. kn,
Whnd veloclity =40, xn,
Wind dirsctfon = 90. deg.
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% Initial inboﬁnd aireraft heading in degrees where the final heading 1is
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FIGURE B-26. MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS :

Common path [ength =1}, nm.
Rynway length = #4000. ft.
Rrimyth siting beyond stop end of runway =1000. ft.
MLS Arfmyth angle =40, deg.
Alrcratt bank anqle 1imit =25, deg.
Alrcratt bankx angle rate |imit =10 deg./sec.
Alrcraft veloclity = 95. kn.
Wind veloclity =u40. kn.
Wind directlion = 90. degq.
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* Initial inbound aircraft heading in degrees where the final heading is

zero degrees,
FIGURE B-27., MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path fength =1, nm.
Rynway length = 4000. ft.
Azimuth sliting beyond step end of runway =1000. ft.

MLS Azlmuth angle =40. deg.
Alrcraft bank angle limit =25, deg.
Alrcraft bank angle rate lIimit =10, deg./sec.

Aircraft veloclty = BO. kn,
Wlnd veloclity =40. kn,
Wind direction = 90, deg.
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FIGURE B-28. MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length =1. nm.
Runway length = 4000, ft.
Azimuth siting beyond stop end of rynway =1000. ft.
MLS Azimuth angle =40, deg,
Alrcraft bank angle (imit =15. deg.
Aircraft bank angle rate |imit =10. deg./sec.

Afrcraft yveloclity =110. Kn,.
Wind veloclty = 0, kn.
Wind direction = 0. deg.
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* Initial inbound aircraft heading in degrees where the final heading is
zero degrees,
FIGURE B~29, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS :

Common path tength =1. nm,
Runway length = 4000. ft.
Azimuth siting beyond stop end of rynmay =1000. ft.

MLS Azlimuth angle =40. deg.
Alrecraft bank angle fimit =15, deg.
Alrcraft bank angle rate (lmlt 10. deg.ssec,

Alrcraft veloclty = 95. kn.
Wind velocity = 0. kn.
Wind direction = 0. deg.
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* Initial inbound aircraft heading in degrees where the final heading is
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FIGURE B-30, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Commen path length =1. am.
Runway Tength = 4000, ft,
Arlmuth siting beyond stop end of ruynmay =1000. f¢t.
MLS Azlimuth angle =40. de g,
Alrcraft bank angle [imit =15. deg.
Alrcraft bank angle rate {lmit 10. deg.;sec,

Alreraft velocity = B80. kn,
Wind velocity = 0. kn.
Wind dlrectlon = 0. deg.
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FIGURE B=31, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length =2, nm.

Runway length = 4000. ft,
Azimyth slting beyeond stop end of runway =1000. ft.
mMLS Azimuth angle =40. deg.

Alrcraft bank angie limlt =25. deg.

Alrcraft bhank angle rate {imlt =10. deg./sec.

Alrcraft velocity =110. kn,

Wind velocity =40, kn.
Wind direction = 90. deg.
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FIGURE B~32. MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length =2, nm.
Runmway length = 4000. ft,
Azimuth siting beyond stop end of rynway =1000., ft.
MLS AzIimuth angle =40. deg.
Aircraft bank angle limit =25. deg.
Alrcraft bank angle rate limit =10. deg./ss5ec,

Alreraft velocity = 95. kn,
Wind veloclty =40. Kn.
Wind dlirection = 90, deg.
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FIGURE B=33, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS :

Common path length =2, nm,
Runmay length = 4000. +t.
Azimyth siting beyond stop end of rynmay =1000. ft.
MLS Azimuth angle =40. deg.
Alrcraft bank angle [Imit =25, deg,.
Alrcraft bank angle rate limit =10. deg./ssec.

Aircraft velocity = 80. kn.
Whnd velocity =40, kn,
Wind direction = 90. deg.
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* Initial inbound aircraft heading in degrees where the final heading is
zero degrees,
FIGURE B=34, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITICNS

Commen path length =2, nm.

‘Runway length = 4000, ft,.
Azimyth siting beyond stop end of runpay =1000. ft.
-MLS Azrlimuyth angle =40, deg.

Aircraft bank angle 1imit =15, deg.

Alrcraft bank angle rate limit =10. deg./sec.

Aircraft velocity =110. kn.

Wind velocity 0. kn.

Wind direction 0. deg.

i n
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0 1.nn Z2.nm I.nm 4. nm

FIGURE B=~35, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length =2. nm.
Runway length = 4000. ft.
Azimuth siting beyond stop end of runpay =10600. ft.
MLS Azimuth angle =40. deg.

Aircraft bank angle llmit =15, deg.
Alrcraft bank angle rate IImlt =10, deg.ssec,
Afrcraft velocity = 9%, kn,
Wind velocity = Q. kn.
Wind direction = 0. deg.
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~3.nm ¥ + + +
-4.nm ¥ + + +
-5.nm + + + +

¢. I.nm 2.0nm I_nnm

4.0m

FIGURE B-36, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length

:Runway length

Azimygth slting beyond step end ¢f runmay
MLS Azimuth angle

Alrcraft bhank angle Iimit

Alrcraft bank angle rate lEinmit

Alrcraft velocity

Wind velocity

180 ' Wind direction

=2.

nm.

4000. ft.
=1000. ft.
40, deg.
=15, deg.

10. deg./ss5ec,

BO0. kn.

0. K.

0. deg.
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-4, nmt + + + +
=5.nmt + + + +
0. P.nm 2.nm 3.nm 4.nm

FIGURE B=-37. MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS :

Common path length =3, nm,
Rynway length = 4000. ft,
Arimyth siting bayond stop end of runmay =1000. ft.
MLS Azimuth angle =40. deg.
Alrcraft bank angle llmit =25, deg.
Atrcraft bank angle rate limlt =10. deg./sec.

Aircraft velocity =110. kn.

Wind velocity 40, kn,
Wind direction = 90, deg,
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-4 . anmt + + + +
-5.nn+ + + + +
4. 1.0nm 2.nm I.nm q.nm

FIGURE B-38. MANUEVER CONSTRAINTS UNDER THE FQOLLOWING CONDITIONS :

Common path length =3. nm,
Runway length = 4000. ft.
Arimyth siting beyond stop end e¢f runmay =1000. ft.

MLS Azimuth angle =40. deg.
Alrcraft bank angle limit =25. deg.
Alrcraft bank angle rate 1imit =10. deg./sec,
Alrcraft velocity 95. kn.
Wind velocity =40, kn.
182 Wind dlrectlion $0. deg,
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+!.nm+ + + + +

-4, nm+ + + + +
-5.nn + + + . + +
0. 1.nm Z.nm i.om 8.ne

FIGURE B~39, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path [ength =3. nm,
Runway fength = 4000. ft.
Arlimyth siting beyond stop end of rynway =1000, ft,

MLS Azimuyth angle =40. deg.
Alrcraft bank angle Jimit =25. deg.
Afrcraft bank angile rate [imit =10. deg./sec.

Aircraft veloclity = 80. kn.
Wind vefoclity =40. kn.
Wind dlirection = 90. deg,
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-5.nn ¥ + + + +
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FIGURE B=4Q, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path tength =3, nm.
Runway length = 4000. Tt.
Arimyth siting beyond stop end of runway =1000. ft.
mMLS Azimuth angle =40. deg.
Alrcraft bank angle Timit =15. deg,
Alreraft bank angle rate [imit =10. deg./s5ec,
Alrcraft velocity =110. kn.
Wind veloclty = 0. kn.
Wind divrection = 0. deg.
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1. nm ¥+ + + + .

=3.net

-5.nm+ + + + +
0. 1.0m 2.nm 3.om q.ne

FIGURE B«4l, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS :

Common path length =4. am,
Runway length = 4000. ft.
Azfmuth siting beyond stop end of ryneay =1000, ft,
MLS Azimuth angle =40, deg.
Alrcraft bank angle limit =2%. deg,
Alrcraft bank angle rate iimit =10. deg.ssec,
Alrcraft veloclity =110. kn.
Wind velocity 40. kn.
Wind directlion 30. deg.

N N

185



APPENDIX B

+1 . ant + + + +

-1.nm ¥t +
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FIGURE B=42, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS :

Common path length =4, nm.
Runway length = 4000. ft.
Arlmuth siting beyond stop end of runmay =1000. ft.
mMLS Azimuth angle =30, deg,
Alrcraft bank angle limit =25. deg.
Aircraft bank anglfe rate limit =10. deg./ssec.

Alreraft veloclty = 95. kn,
Wind velochty =30, kKn.
Wind directlon = 90, deg.
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FIGURE B-43. MANUEVER CONSTRAINTS UNDER THE FOLLOWLING CONDITIONS :

Common path length =4, nm.,
: Runway length = 4000. ft.
Arimyth siting beyond stop end of rynway =1000, ft.
MLS Azlimuth angle =40, deg.
Alrecraft bank angle (imit =25, deg.
Alrcraft bank anglie rate |imlt =10. deg./sec.

Alreraft velocity = 80. kn,
Wind veloclty =40. kn.
Wind direction = 90. deg.
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FIGURE B~44, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length =4, nm,
Runway Tength = 4000. ft.
Azimuth siting beyond stop end of runway =1000, ft.

MLS Azimuth angle =40, deg.
Afrcraft bank angle 1imit =15. deg.
Alrcraft bank angle rate limit =10. deg./ssec,
Alrcraft veloclity 110. kn.
Wind veloclty 0. kn.
188 Wind direction 0. deg.
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-4 . nm+ + + + +

-5 nmt+ + + + +
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* Initial inbound aircraft heading in degrees where the final heading is

zero degrees,
FIGURE B-45. MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS :

Common path length =1. nm.
Runway lengqth = 4000. ft.
Azimygth siting beyond stop end of rynpay =1000. ft.

MLS Azimuyth angle =60. deg,
Alrcraft bank angle |Iimlit =25, deg.

Alrcraft bank angle rate limit =10. deg.ssec.
Alrcraft veloclty =110, kn.
Wind veloclty =40. kn.

Wind direction = 90. deg.
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FIGURE B=46, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS :

Commen path length =1. ne .

Rynway length = 4000. ft.

Azlmyth slting beyond stop end of runway =1000. ft.
MLS Azimuth angle =60, deg.

Alrcraft bank angle [Imit =25. deg,.

Alrcraft bank angle rate [Imit =10. deg./sec,

Aircraft veloclty = 95. kn,
Wind veloelty =40, kn.

Wind direction = 90. deg.
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FIGURE B=47., MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS :

Common path length =1, nm,

Runway length = 4000. ft.

Azlmuyth siting beyond stop end of rynway =1000. ft.
MLS Azimuth angle =40. deg.

Aircratt bank angle Ilimit =25, deg,

Alrcraft pank angle rate fimlt =10. deg./ssec.

Alrcraft velocity = BO0. kn,.
Wind veleoclty =40. in,

Wind directlion

90. deg.

191



APPENDIX B

.0.
-1l.nnm
-2.he + + + + +
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* Initial Inbound aircraft heading in degrees where the final heading is
zero degrees,
FIGURE B-48., MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDLITIONS :

Common path length =1 nm.
Runway length = 4000. ft.
Arfmyth siting beyond step end of rynway =1000. Ft.
: MLS Azimuth angle =60 de g,
Alrcraft bank angle 1imlt =15, de g.
Alecraft bank angle rate [imit =10 deg./ssec.

Alrcraft velocity =110. Kn.

Wind velocity = 0. kn.
Wind direction = 0. deg.
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FIGURE B-49, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length =2, nm,
Runway length = 4000. ft.
Azimyth siting beyond stop end ¢f rynmay =1000. ft.

MLS Azimuth angle =40. deg.
Alrcraft bank angfe Iimit =25. deg.
Afrcraft bank angle rate limit =10. deg./sec.
Alrcraft velocity =110. kn.
Wlnd veloclity =80. kn,
Wind direction = 90. deg.
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FIGURE B=50, MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS:

Common path length =2, nm,
Runway length = 4000, ft.
Azlmyth siting beyond stop end of runway =1000. ft,
MLS Azimuth angle =40, deg,
Aircraft bank angle Iimit =25, deg.
Alrcraft bank angle rate timit 10. deg./sec,

Alrcraft velocity = 95. kn.
Wind velocity =40. kn.
Wind direction = 90. deg,
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FIGURE B=51. MANUEVER CONSTRAINTS UNDER THE FOLLOWING CONDITIONS :

Common path length =2. nm.
Runway length 4000. ft.
Arimuth siting beyond stop end of runway =1000. ft.
MLS Azlimuth angle =¢0. deg.
Alrcraft bank angle [imit =25, deg.
Alreraft bank angle rate Iimit 10. deg./ssec,

Afircraft veloclty = 80. kn,
Wind veloclity =40, kn.
Wind dlrection = 90. deg.
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